Assessment of Favorable Conditions and Potentials of Salinity Gradients in Solar Ponds (SGSPs) and the Production of Solar Salt along Abu Dhabi Coasts by Saeed Al Mansouri, Huda Ali Mohammed
United Arab Emirates University
Scholarworks@UAEU
Theses Electronic Theses and Dissertations
2008
Assessment of Favorable Conditions and Potentials
of Salinity Gradients in Solar Ponds (SGSPs) and
the Production of Solar Salt along Abu Dhabi
Coasts
Huda Ali Mohammed Saeed Al Mansouri
Follow this and additional works at: https://scholarworks.uaeu.ac.ae/all_theses
Part of the Environmental Sciences Commons
This Thesis is brought to you for free and open access by the Electronic Theses and Dissertations at Scholarworks@UAEU. It has been accepted for
inclusion in Theses by an authorized administrator of Scholarworks@UAEU. For more information, please contact fadl.musa@uaeu.ac.ae.
Recommended Citation
Saeed Al Mansouri, Huda Ali Mohammed, "Assessment of Favorable Conditions and Potentials of Salinity Gradients in Solar Ponds
(SGSPs) and the Production of Solar Salt along Abu Dhabi Coasts" (2008). Theses. 162.
https://scholarworks.uaeu.ac.ae/all_theses/162
United Arab Emirates University 
Deanship of Graduate Studies 
M. c. Prograln in Environmental Science 
Assessment of Favorab e Conditions and Potentials of 
Salinity Gradient in Solar Ponds (SGSPs) and the 
Production of Solar Salt along Abu Dhabi Coasts 
By 
Huda Ali Mohammed Saeed AI-Mansouri 
A thesis submitted to the United Arab Emirates University in paltial 
ful filment of the requirements for the degree of 
M. Sc. in Environmental Science 
2008 
United Arab Emirates University 
Deanship of Graduate Studies 
M. c. Program in Environmental cience 
Assessment of Favorable Conditions and Potentials of 
Sa inity Gradient in Solar Ponds (SGSPs) and the 
Production of Solar Salt along Abu Dhabi Coasts 
By 
Huda Ali Mohammed Saeed AI-Mansouri 
Supervised by 
Dr. Samir I. Abu-Eishah 
Department of Chemical Engineering, College of Engineering, United 
Arab Emirates University 
and 
Dr. Fare M. Howari 
Department of Geology, College of Science, United Arab Emirates 
University 
rhe The i of H uda Ali Al Man ouri for th Degre of Master of ..... 
in Environmental is approved. 
-
Exnl1lining Committee Member, Dr. a� ir Abu-Ei hah 
Exnmining Committee Member, Dr. Zein Elabidin Rizk 
- -
clence 
............................................. �� ...................... . 
Exnmining Committee Member, Dr. Hasan Arman 
H ���· . . . 
Program Director, Dr. Tarek Youssef 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . .  
Assi tant Chief Academic Officer for Graduate Studies, Prof. Ben Bennani 
United Arab Emirnte University 
2008/2009 
ABSTRACT 
Coastal sabkha area of Abu Dhabi extends about 300 km long and 15 km wide. It 
consists of a series of hypersaline (47%0) lagoons surrounded by salt-encrusted flat 
sabkhas. Temperature there may reach 60°C in the summer. Moreover, the saliillty of 
the lagoons is very high and may reach 700/00. 
The objective of this study was to assess the possibility of utilizing salinity gradient in 
solar ponds and/or production of solar salt along Abu Dhabi coasts. This study was 
conducted in sabkha area which extends from AJ Mafraq-AJ Sil'a Highway, near the 
Satellites Station (kilo 255, Dy 17 Street) until Kbor AJ-Bazem and AJ-Dhabeia area 
and is bounded approximately by latitudes 22°40' and 26°10'N and longitudes 51 °35' 
and 56°25'E. The col1ected sediment samples were subjected to sedimentological and 
mineralogical analyses using grain size, X-ray diffraction, petrographic analysis, 
carbonate content and salts crystals' while the water samples were subjected to 
chemical analyses. 
The results of this study indicated that the sediments of the sabkha area around Abu 
Dhabi coast are formed of a mixture of sand-sized carbonate and evaporite minerals. 
A major mineral of evaporite that was recorded by X-ray diffraction technology was 
halite (NaCl); while carbonate mineral was calcite (CaC03). Results of the 
petrographic analysis had similar manner of X-ray analysis's results; all sediment 
samples are mainly consisting of calcite and halite in addition to quartz minerals. The 
high carbonate content reflected the origin of the sediments that was marine input and 
came from the sea. Salts crystals analysis approved the dominance of an isometric 
crystal. Generally, sediments characterizations approved that Abu Dhabi sabkhas have 
halite mineral in high quantity which encourages crystallizing solar salts and/or 
building of solar ponds. 
The tudy found that climatic conditions in Abu Dhabi coastal -plain sabkhas, lead to 
the formation of marine brines sodium-chloride to chloride dominated type with a pH 
value of (- 8.0). Due to the evaporation of the groundwater, the evaporite minerals 
especially halite were precipitated. The present study showed that Abu Dhabi coastal 
sabkha system is open for sodium and chloride and this resulted in an increase in the 
Na+ and cr ion concentrations and the formation of halite mainly on sabkha's 
surfaces of the supratidal flats. This gives an indication that the studied area has 
reasonable amounts of halite mineral essentially to assemble a natural salinity 
gradient. TIle study also evaluated the thermal stratification of sabkha's water in 
different sites of the study area by measuring various properties (pH, Temp., E. c., 
TDS, colour, odour) directly in the field at different times (February, April, and 
August 2008). The measured temperature, salinity and electrical conductivity of the 
water samples indicated the possible occurrence of natural gradient in the sabkhas 
area. 
According to the reported sediments and water characterizations results the suggested 
area of the studied sabkhas along Abu Dhabi coast have favourable condition to 
crystallize solar salt and/or build up natural salinity gradient. On the other hand, the 
reported results can be considered as documentation of the sedimentological, 
mineralogical and hydrogeochemical characteristics of Abu Dhabi's sabkhas and 
could be useful for planners and researchers interested in Abu Dhabi coastal systems. 
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1.1 GENERAL STATEMENT 
The sun generates an enormous amount of energy. The earth's outer atmosphere intercepts 
about one two-billionth (O.Sx I 0-9) of the energy generated by the sun, or about 1500 
quadrillion (1.Sx1 018) kWh per year. Because of reflection, scattering, and absorption by 
gases and aerosols in the atmosphere, onJy 47% of this, or approximately 700 quadrillion 
(7xlO
I7) kWh, reaches the surface of the earth per year. In the earth's atmosphere, solar 
radiation is received directly (direct radiation) and by diffusion in air, dust, water, etc., 
contained in the atmosphere (diffuse radiation). The sum of the two is referred to as global 
radiation. The amount of incident energy per unit area per day depends on a number of 
factors including latitude, local climate, season of the year, and inclination of the 
collecting surface in the direction of the sun (Solar Energy, 1995). 
Miilu (2003) reported unlike fossil fuels; fuels formed in the ground from the remains of 
dead plants and animals in millions of years in forms of oil, natural gas, and coal (EERE 
Consumer's Guide, 2005), renewable energy is constantly being replenished. Therefore, it 
is possible to maintain energy resource equilibrium even with large scale energy use. The 
use of renewable energy not onJy lessens (or even eliminates) the unsustainable 
consumption of fossil fuels, but also the pollutants they produce. These pollutants include 
sulfur dioxide particulates, and an annual global discharge of over 20 billion tones of the 
greenhouse gas carbon dioxide. 
Solar energy reaching earth's surface is sufficient to meet current world energy 
requirements many times over the expected needs. It could provide a long lasting energy 
source, if appropriately harnessed. Tills will contribute in improving the quality of life on 
the earth planet. The use of solar energy for this purpose has been a goal in the past 
several decades and now there are an increasing number of people who are interested in 
harvesting and using solar energy (Hull et al., 1989). 
Practical processes for the capture of renewable energy are continuously becoming more 
nwnerous and more econorn.jcal with the vast majority of renewable energy sources 
having their basis from the sun. These solar sources include direct solar power like power 
derived from wind, biomass, and ocean thermal sources. The indirect solar powers include 
geothermal and tidal power (Miilu, 2003). 
One of the inherent properties of solar energy is that it is a diffuse resource; and therefore 
a large area is required to collect a substantial quantity of energy. Most solar technologies 
require a very large investment of capital and material resources to realize a world 
economy based on renewable energy (Hull et al., 1989). 
Traditionally, large area solar collectors were used for several low temperature thermal 
applications. Such collectors include solar panels, photovoltaic cells, solar furnaces, and 
solar ponds. The solar pond concept depends on converting large unused land into a 
powerful land by generating substantial quantities of heat and electricity. If the energy 
collection by a solar pond can be maintained at a reasonably efficient level without too 
much effort, then solar pond technology will be one of a rn.jx of technologies for a future 
based on renewable energy (Jaefarzade� 2000; Lu et al., 2001). 
The advantages of solar energy include its nonpolluting nature; it is non-depletable, 
reliable and free fuel. The disadvantages of solar energy are that the solar energy 
concentration is very dilute, so collectors with large surface area are needed. In addition, 
solar radiation is neither constant nor continuous for terrestrial applications (i.e., low 
capacity factor). The solar energy received depends on latitude, season, time-of-day, and 
atmospheric conditions (Solar, 2006). 
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Hull et al. (I 989) reported that solar ponds are large-scale energy collectors with integral 
heat storage for supplying thermal energy. Specifically, solar pond is a body of water that 
contains brackish (highly saline) water that forms layers of differing salinity (stratifies) 
that absorb and trap solar energy (Healthy Heating, 2007). These ponds can be used for 
various applications such as process heating, water desalination, drying and power 
generation (Lu et al., 200 1). 
Murthy and Pandey (2003), reported that in India, the energy requirement ill the 
agricultural sector in particular increased by 5.4 times during 195 1 to 1995 against 3.6 
times increase in production. The need for higher energy led for utilizing the solar energy 
in form of solar ponds. Solar ponds were used in Indian agriculture, in paddy processing 
sugarcane treatment, vegetable processing and dairy plants; to meet the domestic hot 
water requirements that are using in different industries. 
In the United Arab Emirates (UAE) one easy way to use solar energy is to store and 
retrieve through the use of solar ponds or in solar salt production. The multifaceted 
benefits of this project in the UAE are discussed in the subsequent chapters of this 
research work. The UAE has huge sterile salt flat areas (sabkhas) along the coasts that has 
not been utilized or developed. This is because of the high salinity and swampy nature of 
some of those areas. Sabkha Matti in Western UAE, in Abu Dhabi Emirate, is thought to 
be the largest coastal sabkha in the Arabian Gulf. It extends 40-60 km East-West and up 
to 120 North-South (Babwan, 2007). Figure I .] describes extend of sabkhas along Abu 
Dhabi's coast (in brown color). It shows large areas of sabkhas starting from Abu Dhabi 
city, passing through khor AI Bazam, until Al Mafraq and AI Sil'a reaching the UAE­
Qatar borders. 
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Figure 1 .1 The costal sabkha areas of Abu Dhabi (Alnaji and KendalL 2005) 
Solar salt industries and Salinity Gradient Solar Ponds (SGSPs) in the DAB should have 
been started long time ago since their favorable conditions are available; just to mention: 
1. UAB receives high solar radiation more than most other countries in the world 
(Brown, 1986). 
2. UAB has high evaporation rates (Brown, 1986; Malone, 1986). 
3. The humidity is high because of the high temperature and rate of transpiration in 
the Arabian Gulf (Biddah and Nazmy, 2005). 
4. DAB , especially Abu Dhabi Emirate, has high water salinity in the coastal and 
lagoonal waters (de Matos, 1989). 
5. Major parts of the DAE are covered with natural salt crusts (Wood et aI., 2002). 
The present research work will assess the potentials of using Salinity Gradient Solar 
Ponds (SGSPs) and the producing of solar salt along the Abu Dhabi coasts. Also, in this 
research work the geographical and geological settings of a proposed solar pond in Abu 
Dhabi will be tested. This will be achieved by comparison between Abu Dhabi and 
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another location that has the same conditions and where SGSPs are already constructed 
such as that in E1 Paso Texas, USA. The SGSPs in El Paso have been chosen because of 
similarity of its geological and climatological settings with Abu Dhabi, and due to the 
availability of published data (e.g. Lu et al., 2001; Goodell et al., 2004; Lu et al., 2004). 
I n  addition, this work attempts to asses the cost of producing heat from the proposed 
sa Ps in Abu Dhabi. The cost estimates will consider the cost of land, salt, generators, 
capacity, land clearing, and other factors that will be presented later. The cost estimates 
and analyses are based on the methods suggested by Goodell et al., 2004. 
Besides that, a comparison will be made to select the best method for collecting the salt. 
The advantages and disadvantages of these methods will be presented. Finally, and 
depending on the outcome of this research, the recommendation of using the solar ponds 
to produce electricity, to market the salt, or both, will be made. 
1.2 OBJECTIVES 
The aims of this research work are to 
1. discuss the environmental geochemical conditions of the study area. 
2. compare between the advantages and disadvantages of crystallizing salts from the 
ponds and harvesting the already crystallized crusts "natural salt crust". The 
comparison criteria will include environmental and economical factors as well as 
the sustainability of production. 
3. test the possibility of occurrences of natural salinity gradients necessary for solar 
energy storage. 
1.3 THESIS STRUCTURE 
I n  order to accomplish the above-stated objectives, a thorough survey of the published 
available literature was conducted; to provide basis to this research. Literature review was 
presented in Chapter Two. I n  Chapter Three, details of the computer code, with its 
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different assumed scenanos, were presented. Chapter Four presented the methudology 
that was followed in this research work. Chapter Five devoted to resuJts analysis, which 
were obtained from the various methods, and the discussions. In Chapter Six conclusion 
and recommendations emanating from this research were presented. 
Figure J.2 illustrates the methodology followed to achieve the objectives of this study. 
Assessmen� of Favorable Conditions and Potentials of SaJinity Gradient in Solar 
Ponds (SGSPs) and the Production of Solar Salt along Abu Dhabi Coasts 
I Abu Dhabi Coasts Area 
Define Test 
if Geology of Abu Dhabi � f..---. Sediment Characterization 
H Climate of Abu Dhabi H Sieve analysis r 
f----. Petrographic r--. 
analysis 
H X-ray anaJysis r 
'---' Comparison with other f---+ Carbonate r--. 
globaJ locations 
content 
favorable for SGSPs 
Salts Crystals J 
Expected Benefits from 
the study � Natural salinity gradient 




r Recommendation of I 
+ + I Electricity Production orland I Solar Salt Production j 
Figure 1 . 2  Structure of the research work 
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1.4 GENERAL DESCRIPTION OF THE STUDY AREA 
1 .4. 1 Geology of the  Study Area 
UAE is classified as an arid to a semi-arid region that is tempered frequently by the 
influences of the Arabian Gulf and the Gulf of Oman. UAE is lying roughly between 
22°40'N to 26°1 O'N latitudes and 51 °35'E to 56°25'E longitudes (Western, 1990). 
The study site is situated along the coastal sabkha area of Abu Dhabi in the UAE. The 
term "sabkha" is an Arabic word meaning "salt flat" and is given a variety of phonetic 
renderings in literature - sabkha, sabkhab, sabkhat, sebkhat (Reading, 1996). The most 
common in the recent literatures is sabkha. Sabkha can be defined as a term used to 
describe the coastal flats and salt marches deposited in lagoonal or estuarine areas under 
arid conditions (Uling et al., 1965; Bush, 1973; Mckenzie et al., 1980; Alsharhan and 
Kendall, 2003). Sabkha possesses little bearing capacity with large settlements when in a 
wetted condition (Ali 2004). 
Sabkhas are flat areas of sand, silt or clay that are covered by a crust of salt (halite) for at 
least a part of the year (Glen ie, 1997) extend above the high tide level and are covered 
by evaporite-ricb clastic sediments (Al-Hurban and Gharib, 2004). They are lying just 
above the water-table and often containing soft nodules and enterolithic veins of gypsum 
or anhydrite. A thin crust of halite and gypsum may be present in some parts. Many 
ancient evaporites show sedimentary feature of sabkhas, such as gypsum nodules (West, 
2006). 
There are two types of sabkhas; continental and coastal sabkhas. When a deflation 
surfaces, from whicb the wind removes the dry small particles, then parallel to the water 
table at a level controlled by the dampness of the sediments, the continental sabkhas or 
near shore are fonned (Kinsman, 1969). The rate of evaporation in these sabkhas is 
supposedly higher than that in the coastal ones due to the more arid conditions. 
Consequently the ground-water table plays a substantial role in the development of 
continental sabkhas which are usually less developed than coastal sabkha flats (Ali, 
2004). Algae may be present, but extensive algal mats are not well developed (GleI1.ille, 
1 997). The sediments of these sabkhas consist predominantly of gypsum (desert roses), 
quartz and calcite, with halite always existing at the crust (Kinsman, 1 969). 
Coastal sabkhas are different in both modes of formation and general characteristics from 
continental sabkhas (Kinsman, 1969; Sabtan and Shehata, 2003). Coastal sabkhas are the 
normal end product of near-shore marine sedimentation where by the sediments are laid 
down just above the high-water mark, and the shoreline gradually moves seaward. A 
coastal sabkha is typically bordered on the seaward side by a semi-restricted lagoon and 
on the landward side by a desert or rock outcrops. This sabkha is usually stark, salt­
encrusted, and virtually flat, except for possible scattered storm tide channels and small 
isolated sand dunes. Its surface dips very gently seaward at imperceptible rates, and does 
not normally exceed a few centimeters to one or two meters elevation above the mean 
high-water level (Ali, 2004). 
Coastal sabkhas are saturated with halite (common salt) that crystallizes to form a hard 
crust. Beneath the surface, calcium sulphate also becomes concentrated and forms a mush 
of gypsum crystals about 50 cm below the surface. At ground temperatures greater than 
about 42°C, the water of crystallization is driven from the gypsum crystal lattice to create 
anhydrite. Perhaps the most characteristic feature of a coastal sabkha is a widespread mat 
of thin black algae. Most of the time, this algal mat is dry, and commonly cracked and 
curled up at the edges like flakes of mud in a dried-out pond. During high spring tides, 
however, or when storm winds drive sea water over the almost horizontal sabkha surface, 
the algae spring to life and regenerates into a slimy, wrinkly, rubbery layer. The slimy 
surface traps fine calcareous particles carried over the surface by the waves, and when it 
cracks and curls, wind-blown sand and silt can be trapped beneath its edges; with time, 
the sabkha again acquire a crust of halite (Glennie, 1997). 
Coastal sabkha environments can be divided into three parts (i) subtidal flats which 
include khors (tidal inlets) and intertidal channels, (ii) intertidal flats including lagoons, 
and (iii) supratidal flats, which are the sabkhas themselves. All these environments are 
present along the Northern UAE coastline (Al-Farraj, 2005). For the purpose of this 
research the term sabkha would indicate the depositional setting in the supratidal (the 
senso stricto sabkha) areas. 
abkhas cover extensive areas along the coasts of the Arabian Gulf and have been studied 
extensively in different areas in the world, especially in the Arabian Gulf (Shearman, 
1979; Hsu and Schneider, 1973; Yosepb and Wood, 2004). 
The coastal sabkha area of Abu Dhabi Emirate is exposed as a strip of sediments about 
300 km long and 15 km wide. The coastal area of Abu Dhabi is formed of a series of 
hypersaline (47%0) lagoons surrounded by salt-encrusted flat sabkhas (Wood et al., 2002). 
Its average slope is 1 :3000 and situated above the level of present-day high tide in the so­
called supratidal zone (Wood et aI., 2002). Figure 1.3 describes extend of study area along 
Abu Dhabi coast which is 88 km West of Abu Dhabi city, Al Mafraq-Al Sil'a highway, 
near the Satellites Station till Khor Al-Bazem and Al-Dhabeia area; (it is 255 km from 
Sil'a, 10 km on DY 17 Side Street). It is fonned of a complex coastal area composed of 
sabkhas and lagoonal saline water bodies, Figure 1A. It can be observed from Figure].4 
that cracked salt crusts covered with saline water are the dominant features present in the 
investigated area. 
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Figure 1.3 Location's map of the study area along Abu Dhabi Coast (Sadooni et aI., 
2005) 




Figure 1 .4 A lagoonal saline water body of Abu Dhabi coastal sabk ha (as of Dec., 2006) 
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1 .4.2 Climate of the Study Area 
The climate in the UAE is a sub-tropical climate that is usually warm and arid (Khan, 
1982). UAE receives a huge soJar radiation that can be beneficially utilized. Because 
UAE is straddling the Tropic of Cancer, the temperature often exceeds 47°C before 
midday in JuJy. The mean temperature ranges in summ er around 50°C whereas it ranges 
around 35°C in winter (Khan, 1982). Abu Dhabi monthly average temperature ranges 
from 47°C in summ er to 12°C in winter. However in the sabkhas areas the temperature 
may reach 60°C in summer (Brown, ] 986). 
Rainfall in the UAE is infrequent; average is less than 100 mm per year, and the 
evaporation rate is very high (Malone, 1986). The continuous sunlight, mainly in the 
summer months, warms the water surface and causes evaporation level to increase 
(Brown, 1986). 
Due to the high evaporation rate, the salinity of the Arabian Gulf seawater, on the 
average, ranges between 37-40%0. Nevertheless, the salinity of seawater near the coastal 
areas of Abu Dhabi Emirate is very high and ranges between 40-45%0. Moreover, the 
salinity of the lagoons in that area is even higher and may reach 70%0 in their near shore 
areas (de Matos, 1989). 
Wind speed in the UAE, in general, is very high and has an average of 6 k mJhr at 2 m 
above the ground level (The Climate, online). It is the predominant wind flow across the 
water surface of the Arabian Gulf. As a result, the combination of both wind and solar 
energy causes evaporation to increase (Brown, 1986). However these climatic factors 
being severe to any life form, it enhances the potentiality of utilizing the solar energy in 
the UAE. 
Abu Dhabi Emirate has carried out some extensive urbanization and nearby development 
of the coastal sabkha area; due to the rising population. An example of these urbane cities 
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that had existed along the coast is Al-Marfaa (Emirates: Abu Dhabi, 2005). The 
construction of SGSPs as an alternative to the non-renewable sources of energy could 
make it as a component of the ongoing development activities in UAE and that is one of 
the reasons that motivated this work. 
1.5 EXPECTED BENEFITS OF THE STUDY 
Solar ponds technology is expected to have several advantageous returns on the DAE. 
These returns are either economical or environmental. Some of these are listed below: 
• UAE has very high saline seawater in the coastal area of Abu Dhabi Emirate. This 
wilJ make it possible to harvest salt more than once a year. Salt may be harvested 
up to 3 times a year. As a result, the total annual production wilJ be doubled or in 
best cases tripled which, in tum, will result in higher revenue. 
• The only salt producer in Asia is China (i.e., with a production of 32 million tons 
per year) which uses outdated manufacturing techniques and produce low quality 
salt (Straits Resources, 2003). This creates a potential opportunity for the UAE 
solar salt production as the demand for the salt is increasing. 
• Solar ponds develop and maintain a natural terrestrial ecosystem that provides 
sanctuaries for bird nesting and homes for native animals (Davis, 1999). This will 
contribute to increasing the biological diversity in Abu Dhabi area which was 
historically known as a rare biodiversity. 
• Solar ponds produce only small amounts of effluent waste, the bittern 
(supernatant liquid above the deposited salt in the crystalJizers). Waste products 
of solar salt can be used to produce fertilizers and other products or may be placed 
in special crystallizers to extract the remaining salt; they may remain permanently 
on the property in deep lagoons, or they may be processed on the site or sold to 
obtain MgS04, MgCb and K2S04 (Davis, 1999). 
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and thermal energy storage (Lu et al., 2001). 
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CHA PTER 2 
LITERA T U RE REVIEW 
In thi s  chapter a general background of both natural solar ponds (NSGSPs) and sal iillty 
gradient solar ponds (SGSPs) wil l  be presented including their basics, favorable 
conditjons, requirements, and cost. As well as the appl ication of these two types of solar 
ponds either as salt producers or beat generators as they are found in some parts of the 
world will be reported. Solar salt wil l  also be presented and reviewed in thi s  chapter. 
2 . 1  NATU RAL SA LIN ITY G RADIENT SOLAR PONDS (NSGSPs) 
Hull  et al. ( 1 989) presented a comprehensive textbook on the physics, chemistry and 
applications of sal inity gradient solar ponds. He reported that solar ponds water i s  heated 
by the absorption of solar radiation and serves as a thermal storage medium for the 
collected energy. Because water is transparent to visible J igbt but opaque to infrared 
radiation, the energy that reaches the solar pond in the form of sunl i ght can escape only 
via conduction. The thermal conductivity of water i s  moderately low, and i f  the solar pond 
has a gradient zone with a substantial thickness, beat wil l  escape upward very slowly from 
the lower zone. This makes the solar pond both a thermal collector and a long-term 
storage device. 
As H ull  et al . ( 1 989) reached that the solar pond was d iscovered, not invented by man, 
Straatman (2006) noticed that the phenomenon of the capturing of solar beat by a natural 
pond was also not developed, but it was discovered. Kalecsinsky ( 1 902) reported that the 
frrst sal i nity gradient solar pond phenomenon was observed in Transylvania in the early 
1 9005. The Medve Lake showed temperatures increasing up to 70°C at a depth of ] . 32 ill 
at the end of summer. Naturally examples occurring sal inity-gradient solar lakes are found 
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in many places on the earth. Natural sal injty-gradient lakes form when fresh water flows 
onto salt brine and mixes to create a salini ty gradient. 
Fisher ( 1 999) mentioned that the first practical research on the solar ponds was initiated 
by Bloch in 1958.  During the seventies when the oil crisis occurred and also later through 
the eighties, much research and development was done on the potential of using a solar 
pond as an alternative power-generating source. But during the low price period of oil 
there were not much development in the solar pond technology. 
However, nowadays the energy requirements in the whole world are increasing in paraJlel 
with the increasing in the world population's density. This  huge density led searching to 
other energy resources, especially the renewable energy. Ediger and Kentel ( 1 999) 
pointed out that regardless of degree of development, all nations are trying to develop and 
apply technologies that will  enable them to use renewable energy sources in the most 
efficient ways. Clean, domestic, environmentally-friendly and renewable energy is 
commonly accepted as the key for future l ife to the world. 
Various researchers such as Grant (1986), Hull et al. (1989), Lu et al. (2002) and 
Straatman (2006) indicated that naturally occurring saliill ty grarnent solar ponds and lakes 
have been found in many wind-sheltered places on earth. The high temperatures up to 
70°C were observed in some of these natural solar ponds, coupled with the abundance of 
salt lakes and salt deposits throughout the world .  This  strongly suggests that in many 
locations, artificial solar ponds are technically feasible with minimal environmental 
impact. 
Grant ( 1 986) observed that the concept of the solar pond, involv ing a partially transparent, 
sal inity-gradient stabi l ized and insulating layer through wruch solar energy can penetrate 
to heat the storage layer below, i s  very simpl e  in principle. The required configuration is  
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irnple enough so that at a number of sites having the right combination of circumstances, 
olar ponds can occur in nature. 
Hull et al . (1989) reported that natural sal inity-gradient solar lakes are found i n  many 
places on the earth. The lakes usually contain either a chloride or sulfate brine. While 
naturally-occurring density gradient lakes are relatively uncommon, saline l akes are 
common landscape features on every continent. 
Foldager (2003) indicated that the potential energy resource of saline lakes, if converted 
into solar ponds, is enormous. The estimated volume of sal ine lake water, which is about 
1 00 000 km
3 is almost as great as the volume of the world's fresh water. 
A an example Solar Energy ( 1995) reported that if a lake occupies a surface area of over 
50,000 km2, its heat can be converted economical ly into electric power. The potential 
annual average power source from this lake can reach 1 00,000 M W  of electricity .  This 
type of power station has been tested at Beit Ha'Arava, Israel, near the Dead Sea. 
Grant (1986) mentioned that whi le natural solar lakes can occur under a variety of 
conditions, they are most often found in semi-arid and arid climates. In addition to land­
l ocked lakes, H ul l  et al . (1989) observed that solar pond behavior may be found in 
restricted inflow basins that are connected to the ocean. Several of the natural solar lakes, 
such as the abandoned lock at the Panama Canal, have resulted indirectly from man's 
activities. Small amounts of natural solar pond behavior are also often observed in 
evaporation pans at salt works. 
Wi l l iarns (1993) found that natural solar salt lakes have a variety of important uses and 
values, i ncluding especial Jy both economic and scientific ones. Many of them were used 
as heat collectors. 
There are some disadvantages of using such lakes as collectors as described by Straatrnan 
(2006). Problems could be for example that there are not many natural salt lakes on earth. 
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Most natural ponds do not have a heat sink that could be used as coolant for the 
condenser appear also as another problem. 
traatman (2006) also described the advantages with that there are no digging costs to 
create the lake shape. Also, no foil  is needed to contain water, so there are no related 
material costs. In addition to that, a natural solar lake is part of nature already, so 
environmental impacts are not an issue in tbi s  sense. 
Ckstein (] 970) observed that the smal l natural Solar Lake, about ] 40 m by 50 m,  on the 
S inai shore of the Red Sea (about 30 km South of Eilat) and separated from the sea by a 
broad of 80 m gravel bar; for instance, was subject of many researches on animal species 
and environmental conditions. 
While Straatrnan (2006) reported that the lake contains rare animal species and the bottom 
average temperature of tbis lake was measured to be about 70°C. These were initially 
thought to be due to hot spring influx, a feature frequently found along the Jordan-Red 
Sea Rift Valley system. However the temperature distribution and chemical composition 
of the pond's waters lead to the conclusion that it is essentially marine. It contains 
stratified brines of various concentrations, wbich during certain seasons are heated to over 
70°C by solar radiation. Salinity of pond's water is more concentrated from 4 to 5 times 
than seawater. High mountain s lopes, encircling the pond sbield its surface against wind, 
reducing circul ation and vertical mixing. Grant (1986) indicated that the Solar Lake acts 
as a solar collector with pecul i ar hydrograpbic chemical, and biological properties. In 
fact, it i s  a small hypersaline pond with 5 m deep and it is isolated from the Red Sea by 
the l i ttoral sedi ments that closed off an embayment between two rocky headlands. 
Hull et al. (1989) reached that it has apparently been seasonally density gradient for 
several thousand years as indicated by the chemical makeup of core samples from the 
sediment below the lake. The lake is sbielded from the wind on three sides by hills. On 
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the fourth sid e, to the ast, it is separated from the sea by a 60 m wid e and approximatel y 
3 m high barrier of  sand and pebbl es. 
Wh il e Grant ( 1986) stud ied that the cl imate of this region is subtropical and evaporation 
o f  the isolated waters is almost continuous and quickl y  lost to the atmosphere. Most 
precipitation  in olar Lake is evapo rat ing before it hits the ground . These condit io ns 
a l low Solar Lak e to concentrate the al read y high-sal inity waters that infiltrate through the 
pebbl e and cobbl e barrier between the lake and the Gul f of Aqaba. 
Grant ( 1 986) and H ul l  et al . ( 1989) stud ied the condit ions of  Solar Lak e in bot h  winter 
and s umm er. Th ey found that in the winter, by gaining and storing solar energy and losing 
water througb evaporation, Solar Lake becom es stratifi ed into extrem es of tem perature 
and sal inity. The upper layer tem perature reaches 20°C whil e sal inity can reach 80%0, 
which is more than twice the world ocean average. The insulated lower layer continues to 
gain sol ar energy each day and to accumulate heavy brine from above. Temperatures as 
high as 60°C and sal init ies of  180%0 were record ed .  
Whil e in  the summ er, they found that evaporation from Solar Lak e surface exceeds the 
infil t ration rate of  seawater. As the tem peratu re rises the d ensity layering disappears; 
resul t ing in a turnover of the water mass.  The homogenous mixing reduces the heat­
storin g  capacity of  t he l ak e, but the resulting mass at 35°C and sal inity of  100%0 stil l  
ranks a s  som e o f  the hottest and saltiest surface water on  the planet.  
Grant ( 1986), Miil u ( 2003) and Solar Energy ( 1995) repo rt ed that researchers exploit the 
tem perature extrem es of this solar lak e  in l arge scal e experimental solar ponds, by 
o perat ing m ini-OTEC (Ocean Thermal Energy Co nversion) turbines to generate 
el ectric ity.  
Labrenz et a1 . ( 1988) reached that m any l ak es and ponds of  various sizes are abo unds in 
th e ice- fre e area of the V est fold H il l s, East Antarctica. S everal of  these lakes originated 
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from fj ords (straits) and at one time, were open to the ocean. Thus seawater detennined 
their initial salt composition, their  concentration and also the composition of their 
microbial communities. 
AJso they concluded that as the land rose about 5000-6000 years ago, the fjords l ost their 
connections to the ocean and became lakes; one such lake is the Ekho Lake. They also 
reported that Ekho Lake has lost approximately 1 0 m of its water column due to 
evaporation' and a minor influx of snow-melt water has resulted in increased sal i nity. In 
addition a vertical gradient of sal i nity exists; due to the annual freezing of the lake's 
water surface that forms several meters of ice cover. In this process, much salt is excluded 
as brine, which sinks downwards towards lower strata along the shore l ine, Consequently, 
zones of stepwise i ncreasing sal ini ty with depth were formed. They also found that a 
summer sal inity of 2 to 1 0%0 was measured between 0 and 1 m depth, whereas the sal inity 
was 1 80%0 at the bottom depth of 42 m .  The lower layers were significantly warmer than 
the upper ones: the lake is considered to be heliothermalJy heated. A similar situation has 
been described for Solar Lake, Sinai . 
2.2 SALIN ITY G RADIENT SOLAR PONDS (SGSPs) 
Solar Energy ( 1 995) reported that in  order to generate electric ity at n ight, the daytime 
solar energy m ust be stored in storage tanks, that is, a process which occurs naturally in a 
solar pond. Straatman (2006) presented the working principle of solar ponds which is  
based on the capturing of solar radiation in  a sal t  solution. 
Boo et � al .  (2003) and Foldager (2003) defmed the SGSPs as a type of thermal solar 
technology where thermal energy is  stored at the bed of a pond by the suppression of 
convection by a sal i nity density gradient. 
Both Brin et al . (2003) and Mi i lu  (2003) noticed that an analysis of the potential for use of 
solar pond technology found economical ly and commercial ly is a fairly beneficial project. 
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olar ponds have the advantage of being relatively low in cost and having inherent energy 
storage capacity . 
As described by Hul l  et al . ( 1 989) and Rubin and Bemporad ( 1 989), the SGSPs also 
known as advanced solar ponds (ASP) col lect and store solar energy in the form. of heat 
which can be extracted for several purposes. 
Li terature recommends that beat, which can be successfully extracted from these solar 
ponds, can be used for industrial process beating (Andrews and Akbarzadeb, 2002 ; Lu et 
al . ,  2000) pace heating (Rabl and Nielsen, 1 975), power generation (Tabor and Doron, 
1 986), e lectricity production (Belessiotis and Delyannis, 200 1 ; Mi i Ju, 2003), to dry grain 
( Foldager 2003) and desal ination process (Lu et al . ,  2000· Mi i lu, 2003). 
Fisher ( 1 999) noticed that as the sun shines over a lake or a pond, the water absorbs some 
of the irradiation and is warmed. Surface water quickly looses this added heat due to heat 
and mass convection wjth the ambient air. Since the underlying water in the pond now is 
warmer and thereby l ighter than the surface, convective circulation begins, wbere warm 
water from the bottom rises and the colder water from the surface layer sinks. Lindblom 
(2003) descried that the sal ini ty-gradient solar pond is constructed in sucb a manner that 
the convective circulation in  the pond is prohibited by making the bottom water much 
denser than the surface water. In doing so, the solar radiation absorbed in the deep water 
can be stored. 
Also, Hu l l  et a l .  ( 1 989) observed that a sal inity gradient is establ i shed in these solar 
ponds. More specifical Jy,  over some depth range, the concentration of dissolving salt  in 
. 
the water (sal i ni ty) increases wjth the depth .  Whi le Barnwel l  ( 1 989) observed that 
temperatures as bigh as 1 07°C bave been reported, where the dissolved salt and the 
pressure of the l iquid above raise the boi l ing point of the storage zone wel l  above that of 
water at atmospheric pressure. 
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Foldager (2003 )  reported that solar ponds are able to store heat due to their uruque 
chemi cally strati fied nature. Hul l et al. ( 1 989) and Lindblom (2003) indi cated that a G P 
i a body of water that typically has three regions arraying from top to bottom as surface 
or upper convective zone (U Z), gradient or main gradient zone ( MGZ), and lower zone 
or lower com ecti vc zone (L Z), as shown in  Figure 2 . 1 .  
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Figu re 2.1 A solar pond with i ts di fferent zones (Li ndblom, 2003) 
Hull et al. ( 1 989) reported that the lower zone of the SGSP is homogeneous, concentrated 
wi th salt soluti on that can be e ither convecting or temperature stratified. Rubin and 
Bempo;ad ( 1989) presented that thi s layer i s  almost completely mi xed due to the select ive 
withdrawal, i njecti on, and thermal convection. They also presented that the non-
convective gradient zone i n  the middle consti tutes a thermally i nsulati ng layer that 
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contains a sal in i ty gradient where water closer to the surface is always less salty than the 
watcr below it .  Weinberger ( 1 964) reported that the optimum depth for this zone is 1 -2 m. 
Mi i l u  (2003)  presentcd that the surface zone is  a homogenous layer of low-sal inity brine 
or fresh water. I f  the sal i nity gradient is large enough, there is no convect ion in the 
grad ient zone e en when heat is absorbed in the lower zone and on the bottom, because 
the hotter, saltier water at the bottom of the grad ient remains denser than the colder, less 
salty water above i t .  Lu et al . (200 1 ) mentioned that this zone is usual ly  made up of fresh 
or low salty water ranging from 0-4%0 sal in ity. Ahmed et al . (200 1 )  i nd icated that water 
need to be suppl ied to this layer to flush away the salt d iffused from the lower regions and 
also to make up for the evaporat ion loss. Ideal ly ,  this layer should be 30 cm thick as the 
i ncreasing thickness of th is  layer would decrease the pond's abi l ity to store heat. 
L indblom (2003)  noticed that since the water in the gradient zone cannot ri se; due to the 
l ight water on top, and cannot fal l "  due to the dense water beneath, convection is  
prevented and the heat i s  stored in  the storage zone. The gradient zone could hence be 
said to work as an i nsulator for the storage layer. Heat is  extracted by passing the brine 
fr0111 the storage zone tlu'ough an external beat exchanger. Hul l  et al. ( 1 989) reported that 
the solar radiation encountering the surface of a solar pond is transferred to the lower zone 
and heats it up. The middle layer acts as a thermal insulator preventing the loss of energy 
col lected at the lower convective zone, except by conduction, which is a slow process. 
The energy, stored at the lower convective zone, may be uti l i zed by a heat exchanger or 
by any engineered heat removal equipment to work for several industrial mineral 
production fac i l ities, Figure 2 .2 .  
The scheme in Figure 2 .2 demonstrates a properly engineered heat removal equipment 
ready to work for several industrial m ineral production fac i l i ties including desal ination. 
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contains a sal inity gradient where water closer to the surface is always less salty than the 
water helow it .  Weinberger ( 1 964) reported that the optimum depth for this zone is 1 -2 m. 
Mii lu (2003 ) presented that the surface zone is a homogenous layer of low-sal inity brine 
or fi·esh water. I f  the sal i nity grad ient is large enough there is no convection in the 
gradient zone even when heat is absorbed in the lower zone and on the bottom, because 
the hotter, saltier water at the bottom of the grad ient remains denser than the colder, less 
salty water above it .  Lu et al . (200 1 ) mentioned that this zone is usual ly made up of fresh 
or low salty water ranging from 0-4%0 sal inity _  Ahmed et a1 . (200 1 )  indicated that water 
need to be suppl ied to this layer to flush away the salt diffused from the lower regions and 
also to make up for the evaporation loss. Ideal ly, this layer should  be 30 em thick as the 
increasing thickn ess of this layer would decrease the pond's abi l i ty to store heat. 
L indblom (2003) noticed that since the water in the gradient zone cannot rise; due to the 
l ight water on top, and cannot fal l ;  due to the dense water beneath, convection is  
prevented and the heat is  stored in the storage zone. The gradient zone could hence be 
said to work as an insulator for the storage layer. Heat is extracted by passing the brine 
frol11 the storage zone tlu·ough an external heat exchanger. Hul l  et al. ( 1 989) reported that 
the solar radiation encountering the surface of a solar pond is transferred to the lower zone 
and heats it up. The middle layer acts as a thermal insulator preventing the loss of energy 
col lected at the lower convective zone, except by conduction, which i s  a slow process. 
The energy, stored at the lower convective zone, may be uti l i zed by a heat exchanger or 
by any engineered heat removal equipment to work for several industrial mineral 
production fac i l i ties, Figure 2 .2 .  
The scheme in Figure 2 .2  demonstrates a properly engineered heat removal equipment 
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Figure 2.2 Th e d ifferent solar pond zones and heat generation mechanism 
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Andrews and Akbarzadeh (2002) summarized that the SGSP i s  constructed in a manner 
that the convective circulation in the pond is prohibited by making the bottom water much 
denser than the surface water. In  doing so, the solar radiation absorbed i n  the deep water 
can be stored . 
FoJdager (2003) found that the solar pond system is able to store beat because circulation 
is suppressed by the sal i nity-related density differences in the stratified water. Convection 
of hot water to the surface is repressed by the salinity (density) gradient of the MCZ. 
Thus, although solar energy can penetrate the entire depth of the pond, it cannot escape 
from the storage zone. The temperature of the UCZ will be equal to or near the ambient 
temperature. Temperatures i n  the LCZ can reach and sometimes exceed 90°C. The LCZ is 
heated at a rate proportional to the i ntensity of incoming solar radiation and i nversely 
proportional to the LCZ thickness. In add ition, the temperature of the storage zone 
depends upon several factors, including the intensity and duration of solar insulation, the 
thickness of the MCZ the ambient temperature, and the stabil i ty of the sal inity gradient. 
For an effective solar pond construction, l iterature recommends some design 
considerations. Tabor ( 1 98 1 )  suggested solar pond sites should be within ± 40° latitude 
from the equator because the pond was horizontal and could not be tilted. 
olar pond must be designed for average annual insulation . Average values are used in 
order to avoid system over-design in the summer i f  the design were for minimum winter 
insulation values (Brin et al ., 2003) .  By virtue of baving built-in thermal energy storage, 
solar ponds can be used in any season (NSMP Report, 2007). Although solar ponds can be 
constructed i n  almost any location, certain characteristics can make a site more or less 
suitable. Because the sal i ni ty gradient must be physically  constructed using solid salts and 
relatively fresh water, access to and cost of salt and water for initial pond construction are 
the most critical factors to consider when building a SGSP (Foldager, 2003). Energy 
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requirements are minimal as these ponds have the capabil ity to produce energy (NSMP 
Rep rt 2007). olar ponds require plenty of land area, water and salt, so it is reasonable 
to locate them in wastelands or in deserts, close to salt works. Many countries such as 
Libya, are greatly dependent on seawater desal ination and are in supply of these 
characteri stics. Using solar ponds instead of fossi l fuel for heating the desal ination plants 
would significantly lower production costs ( Lindblom 2003). Pond surface areas range 
from l OO to 1 ,000,000 m2 and depths range from 2 to 4 m. The LCZ occupies 
approximately the lower third of the pond (Foldager, 2003). 
In  some cases, the surface is completely covered in order to prevent beat loss and pond 
water contamination; by covering the entire surface with transparent plastic .  This plastic 
covering can help keep the pond free of debris during periods of high wind speed . Other 
design considerations include the need for a thick and sturdy l iner to prevent groundwater 
contamination and salt for init ial construction of the sal inity gradient. Onl y  ponds 
constructed on soi l  with low permeabil ity (clay-textured soi ls) have the option of not 
using a bottom l iner; however almost aU ponds require that berms (the side wal ls) be 
l i ned to prevent slope erosion. The most significant factors affecting the overal l cost of 
solar pond construction are the costs of both l iner and salt (Foldager, 2003) .  
The intensity and duration of solar radiation affects the temperature of the active zone of 
the pond . Other environmental factors that affect SGSP sitting include wind speed, wind­
borne debris the ratio  of evaporation to rainfall, and land slope. Final ly, although SGSPs 
can be excavated from or even sited on a sloping surface, flat land al lows for more 
uniform LCZ characteristics (Mj i lu, 2003). 
More important than the above factors are the possible presence of earth fissures, whicb 
are cracks that may penetrate deep underground, potentiaJ ly into aquifers. Final important 
parameter to consider when sitting a solar pond i s  heat di ssipation by groundwater. Heat 
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may be conducted to flowing groundwater below the pond and carried away, thus it is  
necessary to ensure that the pond is far from groundwater sources (Foldager, 2003 ). 
FoJdager (2003) and Mi i lu  (2003) assigned negative values for those factors that 
negatively affect the favorabi l ity of a proposed pond site. The parameters that receive 
negative values are: a) the presence of high numbers of l ife forms, sucb as algae, whicb 
can decrease the pond c larity; b) nearness to agricultural sites; c) potential for violations 
of the C lean Water Act, which may occur if the pond is sited too close to a surface water 
source, for example, and d) the appearance of desiccation cracks in the soi l .  When this 
occurs the soi l 's penneabi l ity is increased and a l iner may be required even for clay­
textured soi ls. 
Once a pond is properly sited and constructed, a number of factors must be considered 
regarding the pond's thermal efficiency. Water clarity, pond dimensions (primari l y  area 
and thickness of  the LCZ), and temperature di fference (�T) between the LCZ and the 
UCZ all affect the pond's thermal efficiency. I f  the water is relatively c lear, more sunlight 
( and thus more heat) wi l l  reach the bottom of the pond (MUlu, 2003) .  Smal ler systems are 
l ess efficient than l arger systems because a greater proportion of beat is lost due to edge 
effects in the smal l  ponds. Temperature fluctuation in a solar pond IS inversely 
proportional to the thickness of the LCZ. Final ly, thermal efficiency IS inversely 
proportional to � T due to an increased rate of beat loss from the pond at high 
temperatures (Brin et al ., 2003) .  
Goodell  et  al . (2004) indicated that a vertical density and temperature gradient should be 
created in the SGSP, and requires continuous maintenance and monitoring to ensure that 
the gradient is effective. 
Solar ponds are also constructed for experimental purposes as reported by Straatman 
(2006). An example of tbe appl ication of a sol ar pond as a sol ar collector is the l and based 
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olar pond plant of EI Paso, U A .  This  plant consists of three basic process parts; power 
cycle, cooling tower, and a solar pond. 
olar Energy ( 1 995) reported that the largest solar pond in the USA is a 0.3 acres pond in 
El Paso, Texas, which was operated reliably since i ts start in 1 986. The pond runs a 70 
kW (electric) organic Rankine-cycle turbine generator, and a 20,000 Llday desalt ing unit, 
whi le  also proyjding process heat to an adjacent food processing company. The pond has 
reached and sustained temperatures higher than 90°C in i ts heat-storage zone, generated 
more than 1 00 kW of electric power during peak output, and produced more than 350,000 
L of potable water in a 24 hr period. During five years operation, it has produced more 
than 50,000 kWh of electricity . On the other hand, Lu et al . (2004) mentioned that the El  
Paso solar pond proj ect is currently focused on the research of solar pond coupled 
desalination and brine management, whi le continuing to advance and improve the 
techrllques for solar pond operation and maintenance. 
Solar Energy ( 1 995) also reported that a man-made, salt-gradient solar pond was built in 
Miamisburg, Ohio USA and it heats a municipal swimming pool and a recreational 
building. 
UAE has the favorable conditions for applying SGSPs as discussed in Chapter 1 .  For 
instance, availabil ity of high solar radiation during the whole year, high sal ine water low 
rainfal l  and high evaporation rates with space avai labil ity (sabkhas). In addition to that, 
the low economic  cost for the SGSP encourages applying this technology in UAE. Beside 
that, U AE depends mainly on oil and gas industry which are nonrenewable energy and 
have lots of harmful environmental impacts. For all of these reasons, UAE must start 
relying on the renewable energy and SGSPs technology is one of the best appl ications of 
renewable energy which has many advantageous economical and environmental returns 
on the UAE. 
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2 .3 O LAR SA LTS 
aporation ponds can be found in some industrial ponds in sal ine lakes, where sepiolite 
natural ly precipitates and in specifically designed experiments as reported by N icot 
(2007). He also observed that solar lakes are natural ly functioning as solar ponds. Many 
aline l akes in the world behave l ike natural evaporation ponds. The groundwater they 
receive is equivalent to the pond feed water with the possibi l i ty of l iquid water exiting the 
lake through an outlet or by infiltration. 
Kostick (2003) reported that solar evaporation uses the wind and the sun to evaporate the 
water and is an effective method of producing solar salt in areas of high evaporation and 
low precipitation. Along coastal margins in many parts of the world,  seawater is col lected 
and allowed to evaporate in specially constructed concentrating and evaporating ponds. 
Seawater contains various dissolved salts that wi l 1  separate depending on their relative 
solubili ties. The solar evaporation process occurs in solar salt-works; a series of 
connected ponds through which seawater flows, evaporates, and deposits hal ite (NaCl) ;  
the target salt. I n  sharp contrast to mined salt, most of the energy required to extract 
sodium chloride from seawater is without cost. The salt is nearly pure, suitable for 
industry and humans with l i tt le further processing, non toxic and do not change in  transit. 
Calcium carbonate which is the least soluble, wi l l  separate out fi rst. HigWy soluble 
magn esium salts tend to separate last. The order of separation of mineral salts from 
seawater from fi rst to last are calcite, gypsum, hali te, astrakainite, epsomite, kainite, 
hexabydrite, kieserite, carnall ite and bishofite. Sal ine lake water is also processed using 
solar evaporation. The ponds are separated by levees that isolate the brine during different 
stages of fractional crystal l ization. The brine is c irculated among a network of 
interconnecting ponds, with sal inity increasing with each transfer. The brine is then 
treated with l ime to remove excess calcium sulfate, pumped to evaporation ponds, and 
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then transferred to harvesting ponds to permit the salt to crystallize. After about 85% of 
the salt is precipitated, the remaining supernatant liquid, called "bitterns" can be pumped 
to adjacent ponds for subsequent extraction of bromine, magnesium, potassium, and 
sodium compounds or it may be used to produce fertilizers and other products. The 
harvesting pond is flooded again with new brine from the lime pond to repeat the cycle. It 
takes about 5 years, once seawater is first introduced into the system, for the completion 
of the crystallization process. The salt is harvested by special tractors equipped with 
scrapers and is ready for processing (Kostick, 2003). 
Mickley et al. ( 1993) indicated that evaporation ponds are most appropriate for relatively 
wann and dry climates with bigh evaporation rates, level terrain, and low land costs. 
Ahmed et al. (2000) noticed that evaporation ponds are easy to construct and require low 
maintenance and little operator attention. They require no mechanical equipment except 
the pump and pipes conveying the wastewater to the ponds. Kostick (2003) observed that 
the ecological value of the evaporation ponds stems from their shallow ponds whose 
floors produce bighly suitable food for birds, shellfish, and other animals. The ponds and 
surrounding property owned by the installation provides habitat free from human 
disturbances for bird nesting and animal homes. Squire (2000) recommended that these 
ponds could be linked to SGSPs for electricity production. If the brine is evaporated to 
total dryness the salts could be harvested and sold to interested buyers or disposed of to 
approved waste disposal sites. NSMP Report (2007) presented that evaporation ponds 
sized to store and evaporate the entire influent volume of saline water. Evaporation ponds 
are primarily used to remove salt. 
Kostick (2003) reported that 187 million tons of salt were produced in 1993 from over 
100 different countries. Production comes from bedded deposits, brines, playas, sabkhas, 
and seawater. The abundance of salt rich brines at any site determines that it has a high 
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potential to benefit through the production of economical co-products through the 
uti l ization of SGSPs. Most countries possess some form of salt production capabi l ity with 
production levels set to meet their own domestic demand requirements and with 
additional q uantities avai lable for export. Many developing nations tend to dev el op their 
agricultural resources to feed their population fi rst . Development of easi ly extractable 
mineral resources fol lows and salt is  one of the fust commodities to be mined. Some 
countries such as the U SA, import a substantial amount of salt to meet total demand 
requirements because of economic factors. 
I n  the process of assessing the potential of solar sal t  production in any area where a solar 
salt plant wi l l  be constructed, there are some conditions required for such production. 
These conditions are detai l ed according to Solar Salt Production (2004) as fol lows: 1 )  
Evaporation ponds need to cover approximately 1 0,000 acres. 2) Avail abi l ity of sun and 
wind action on seawater. 3 )  Salinity of processed water to produce salt has to be 
moderately high. 4) Plant l ocation to be in areas of low rainfal l ;  rainfal l  hinders the 
process of sol ar salt production and increases the time to evaporate water, and thus 
hinders high evaporation rates. As evaporation rate increases, the rate of water 
evaporation preci pi tating i ts content of salt wil l  increase. 5) Technological requirements 
of various equipments essential to carry out the operation of producing salt. These contain 
evaporation ponds, crystal I izers, harvesting and washing equipments, salt stacks and 
refmery, packaging and shipment faci l ities. 
There are some physical requirements and capabi l ities for any evaporating pond . NSMP 
Report (2007) summarized them as fol l owing: Operating flows of evaporation ponds are 
dependent on pond size and evaporation rates. As example, the San Joaquin Valley 
evaporation ponds, which have an area of 4,745 acres, have a capacity of approxi mately 
32 ,000 acre-feet. M aximum efficiency of evaporation ponds requires shal low water depth 
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of approximately 1 to 2 ft. According to these specifications a one-acre pond can treat 
between one and two acre-ft of water. Calculation of evaporation rates for evaporation 
ponds are dependent on chemical , physical and meteorologjcal variables. The estimate of 
evaporation times wiD primari ly be dependent on inflow concentrations and the amount of 
solar radiation that the ponds are exposed to. 
Also the NSMP Report (2007) indicated that energy requirements are typical ly  not 
significant for evaporation pond treatment as solar radiation provides the energy in the 
evaporation treatment process although pumping to the pond may be required. Pre-
treatment requirements are not a requirement in evaporation pond treatment. The l i fe span 
of the evaporation ponds for San Luis Drain was estimated to be 50 years. The l i fespan of 
evaporation ponds is dependent however upon the concentrations in the ponded water. 
The upper l imit for salt concentrations in evaporation ponds is 300%0. 
In  addition to that the NSMP Report (2007) included that operations and maintenance 
activ ities contain sediment removal , levee repair, and vegetation removal . The primary 
start up consideration is infiltration, as groundwater may become contaminated from these 
ponds. Lining the ponds can prevent this. Shut down considerations include primarily 
disposal of the waste accumulated in the years of operation of the ponds. 
There are some constraints related to evaporation ponds, which can be summarized by: 
they need sufficient acreage; they need impervious l iners of c lay or synthetic membranes 
such as PVC or Hypalon; there is potential of contaminating underlying potable water 
aquifers through seepage from poorly constructed evaporation ponds (Squire, 2000); the 
. 
sal ine water, i f  containing high dissolved gas levels, which lead to cavitations in pipes, or 
i ron sludge; due to the presence of iron bacteria, can cause rapid deterioration of 
conveying pipes and pumps (Ahmed et aI . ,  2000). 
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There are se eraJ equipments required to carry out the operations of a solar saJt p lant. The 
proces ing through these equipments according to Cargi l l  SaJt-San Francisco Bay (2005) 
is as the fol lowing sequences: 
• Ponds Evaporation Step: Al locate for roughly 75% of the total area of a solar saJt 
production plant. The purpose of evaporation ponds is to evaporate the sal ine 
water natural ly, which gradual l y  creates increasingly sal ine brine in the ponds. 
The principle of evaporation ponds depends on the fact that different m inerals in 
the brine solution crystal l ize under di fferent rates and conditions. The idea is to 
operate these ponds in such a condition that only NaCI crystal l ize while other 
minerals stay in the brine solution. As the brine becomes more concentrated and 
eventual ly  ful ly  saturated the process moves to the next step which is the 
crystal l izing step. 
• Crystal l izing Step: It usual ly comprises 1 5% of the total area of the plant. In this 
step, brine is crystal l ized to salt crystal s. As a result, the salt wi l l  form a thin crust 
at the ponds surface.  As it grows thicker, this salt crust wi l l  drop to the bottom of 
the pond when it becomes heavy enough to overcome the water surface tension. 
As the salt in the bottoms of the ponds reaches an appropriate thickness, the brine 
is drained off the ponds to the next step in the process; the harvesting step. 
• Harvesting Step: The salt in the ponds i s  harvested using some special harvesting 
equipment. These wi l l  break the hard salt and scrap up the resulting pieces with 
blades into l ittle pieces, which wil l  be then col lected and loaded to transfer them to 
the washing step. 
• Washing Step: Where salt is dumped into a saturated brine solution in  order to 




salt wi l l  be then dropped to massive conveyor and wi l J  be then stored to some salt 
stacks unti l being refmed . 
RefIning tep : Salt is  refIned to be used as home salt, agricultural, or i ndustrial 
salt. 
Packaging and Shipment Step: The salt wi l l  be packaged appropriately and made 
ready for shipment. Usual ly salt plants are associated with private berthing faci l ity 
for easy marine shipment loading. 
Lesino et a1 . ( 1 990) reported that a solar pond was used to assist in the production of 
sodium sul fate in a mining industry in Argentina. In Puna, Argentina, a 4,000 m
2 
solar 
pond was used for the production of industrial grade sodium sul fate decahydrate. The 
sodium-su lfate-rich ores mined in  the Puna have an approximate composition by weight 
of 75% sodium sulfate decahydrate (Na2S04· 1 0H20), 1 5% sodium chloride (NaCl) and 
1 0% clays. The industrial grade sodium sul fate requires a maximum content of sodium 
chloride lower than 1 %. As the solubi l ity of sodium sulfate increases with temperature 
from ° to 32 .4DC, and decreases sl ightly after 32 .4°C due to the phase change (from the 
decahydrate phase to the anhydrous phase), whi le sodium chloride has an almost constant 
solubi l ity, sodium sulfate was separated from sodium chloride by the method of fractional 
crystal l ization . The mineral and water were put into the pond and the gradient was 
establ ished with fresh water injections. Solar radiation heated up the bottom and at near 
32 .4°C the mineral was dissolved producing a solution saturated with sodium sulfate with 
some sodium chloride. The solution was siphoned careful ly out of the pond bottom, 
cooled in open-air crystal l izers and sodium sul fate precipitated whi le sodium chloride 
remained in the solution (this was possible as the low night temperatures in the areas 
ranged between - l ODC and l ODC). The clay deposited in the bottom and periodical ly, the 
pond had to be emptied to clean it .  
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alt production from brine solution is a l ucrative appl ication for the Gulf countries where 
simi lar site-specific conditions prevai l ;  strong solar radiation, very low precipitation low 
co t desert land short and easy transportation to ports, and relatively good accessibi l i ty to 
Asian nations, which are large consumers of salt as pointed out by Ravizky and Nadav 
(2006). 
UAE especial ly  in sabkhas environment has the perfect required conditions for solar salt. 
I f  solar sal t  plant establ ish there, a huge sol ar salt production is expected that can be 
exported to the world.  Although some countries in Asia are self-sufficient of salt, they are 
not export ing their production of salt. This gives a good opportuni ty for UAE to export i ts 
production of sol ar salt; to be visible in the global map. 
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CHAPTER 3 
ANALOG Y WITH OTHER G LOBAL LOCATI ON 
FA VORABLE FOR SALINITY GRA DIENT SOLAR POND S  
AN D ECONOMIC ASSE SSMEN T  
I n  till s chapter, a comparison and an analogy between Abu Dhabi coasts and other global 
location favorable for sal inity gradient solar ponds (SGSPs) wi l l  be presented. The cost 
analysis with the used computer code in this research work wil l  also be presented in 
detai l in this chapter. 
3 . 1  C HARACTERISTCS AND COST ANALYSIS OF EL PASO 
SALINITY GRADIENT SOLAR POND 
The cl imatological geological and mineralogical setting of the investigated area, Abu 
Dhabi coasts, were compared with other global location where SGSP is establi shed to 
reveal the economic potentials of the study. A more in depth focus was given to the SGSP 
that exists in El  Paso, Texas; because of similarity of its geological and cl imatological 
settings with Abu Dhabi, and due to the avai labi l i ty of published data. 
Lu et al . (2000) presented that El Paso Solar Pond is a research, development and 
demonstration project operated by the Uni versity of Texas at El Paso and funded by the 
US Bureau of Reclamation and the State of Texas. The project was initiated in 1 983, 
which i s  l ocated on the property of Bruce Foods, Inc. (food's canning plant) and was 
operated s�ce 1 985 .  Murthy and Pandey (2003) reported that this project was the first in 
the world del ivering industrial process heat to a commercial manufacturer in  1 985 ti l l  date 
with kW 3 30, the fust solar pond electric power generating faci l ity in the US in 1 986 t i l l  
date with k W  70 and the nation's fi rst experimental solar-pond-powered desalting faci l ity 
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in 1 987.  Foldager (2003) reported that in 1 986 the solar pond was operated at about 85°C 
and delivered about 300 kW thennal energy to Bruce Foods. Later in the same year, an 
organic Rankine-cycle engine generator - the tenn "organic" refers to any organic 
compound with a low boi l ing point (such as methane or an HCFC) wruch acts as the 
working flilld by evaporating when exposed to heat from the solar pond brine - was 
instal led on site and the pond produced up to 70 kW of electricity for peak power. In 
1 987 a 24-stage, fal l ing-film low temperature desalting urut was installed, and it  
produced about 1 6,000 L/day of desalted water. 
Lu et al .  (2004) observed that El Paso sol ar pond has successfully demonstrated many 
appl ications through the 1 6  years of research unti l  now and operation including 
desal ination, waste brine management, industrial process heat production, and electricity 
generation' and has developed and implemented key technical advancements to improve 
the technical viabi l ity and economic feasibil ity of sal inity gradient solar ponds. 
Lu et al. (2000) reported that EI Paso solar pond has a surface area of 3000 m2 and a depth 
of about 3 .25 m .  The UCZ, MGZ, and LCZ are approximately 0.7 m, 1 .2 m, and 1 .35 m, 
respectively. 
Table 3 . 1 summarized the major c l imate conditions of El Paso (Lu et al . ,  200 1 ) . Solar 
radiation of E l  Paso is varying between 3 (kWhlm
2
.day) to 8 (kWblm
2
.day). The 
operation temperature of the pond ranged from 70°C in winter to 90°C in early fal l .  The 
rughest temperature observed at the E 1 Paso solar pond during years 1 99 1 - 1 993 was 
93°C, and the maximum temperature d ifference between the LCZ and UCZ was wel l  
above 70°C.
' 
During the summer month's heat i s  specifical ly removed from the solar pond, 
usual ly by generating e lectricity in order to maintain the stabi l ity of the gradient zone and 
to prevent boi l ing (Lu et aI . ,  2000). The pond surface temperature is qu ite close to the 
ambient temperature for most of the year, except for the summer months (Lu et aI . ,  200 1 ). 
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Typical temperature profiles for the El Paso Solar Pond are shown in Figures 3 . 1  and 3 .2, 
respecti ely (Lu et aI . ,  2002). 
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Figure 3.2 Temperature development of EI  Paso Solar Pond from Apri l unti l  December, 
99 (Lu et al . ,  2002) 
Temperature of the LCZ varies seasonal ly. However, its variation between day and night 
i s  about 1 to 3°C due to the thermal storage capacity in the pond. During a typical day in 
the summer as F igure 3.3 (Lu et a1 .  200 1 ), the storage zone temperature starts to increase 
at about 8 :00 am and stops increasing at about 8 :00 pm. The bottom temperature can 
i ncrease up to 3°C a day during the spring heating season if  no heat i s  extracted. The rate 
of beating of  the storage zone is proportional to the incoming solar radiation and inversely 
proportional to the thickness of the storage zone. The thickness of the storage zone can be 
increased to increase the storage capacity or decreased to increase the temperature 
response (Lu et al . ,  2000). 
The sal inity gradient was bui l t  by uti l izing the scanrung injection technology. The 
procedure consists of partial ly fi l l ing the pond with saturated brine and injecting fresh 
water in a scanning step-by-step fashion through a diffuser that i s  i mm ersed within the 
ex ist ing solution. I n  about two months, the bottom temperature reached 800e (Lu et aI . ,  
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200 1 ). With these new techniques, the salini ty gradient was bui l t  with great ease was less 
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Figu re 3.3 Temperature variations in the LCZ of EI Paso Solar Pond during a typical day 
in the summer (Lu et al . ,  200 1 )  
The pond uses an aqueous solution of predominantly sodium chloride (NaC1) .  The LCZ 
contains saturated or near-saturated brine with a concentration of about 26% by weight. 
The concentration in the UCZ is normal l y  maintained at 1 -4% salt by weight (Lu et al ., 
2000).  
The heat from a solar pond is usual ly  extracted in  one of two ways. The fi rst method is to 
pump the hot brine from the storage zone of the pond to a heat exchanger l ocated near the 
pond. The �econd method is to pump a heat exchanger fluid, usual ly  fresh water, through 
a heat exchanger located within the LCZ of the pond. Both have advantages, but pumping 
the hot brine to an out-of-pond heat exchanger tends to be the most cost-effective and 
trouble-free system (Lu et a! . ,  2000). 
39 
At the El Paso olar pond, brine withdrawal is the method used for heat extraction. Hot 
brine is pumped from the storage zone by means of a diffuser (extraction diffuser) 
mounted in the storage zone passed through an external heat exchanger, then returned to 
the bottom of the pond through another diffuser (return diffuser). The extraction diffuser 
can be moved to the height of maximum temperature in the storage zone and the return 
diffuser is placed at the pond bottom. This method al lows placement for both the 
extrac60n and return diffusers near the point of use, reducing pipe cost. AJso, thi s  method 
i n  ures that the cooler brine is returned to the bottom, reducing ground losses and that the 
piping can be easi ly removed for inspection and repair. Both suction and return diffusers 
are double-plate diffusers. The suction diffuser is mounted under the deck of the 
instrumentation tower among the four columns, and 20 cm below the lower boundary. 
The l ower plate of the suction diffuser is c ircular, 76 cm in diameter, and the upper plate 
is a square of 1 02 cm x 1 02 cm. The two plates are spaced at 1 5  cm apart. The opening of 
the diffuser is  covered with stainless steel screen to prevent the piping system from 
sucking in debris. The return diffuser is placed at the pond bottom about 1 5  m away from 
the instrumentation tower, on a gravel bed . The gravel bed is about 1 0  cm thick, and 
below the gravel l ies a piece of 1 0-mi l  polypropylene which covers the sand and prevents 
it from being washed away by the brine exiting the diffuser. Both upper and lower plates 
of  the diffuser are circular, 1 22 cm in diameter. The gap between the two plates is also 1 5  
cm. The maximum withdrawal flow rate for this design is 2 .3 (m
3/min) and at this flow 
rate the exiting velocity is less than 7 cmls (Lu et al . ,  200 1 ). 
3.2 CHARACTERIST ICS AND EST I MATED COST ANALYSIS OF 
ABU DHABI SALINITY G RADIENT SOLAR POND 
Cl imate, geology and minerals of UAE, especially in sabkhas areas, were mentioned in 
detai l s  i n  Chapter 1 .  In this section more focus was given to Abu Dhabi conditions as it is  
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the investigation area of this research work . Then, Abu Dhabi 's conditions were compared 
and tested with that related to El  Paso. 
The major cl imate conditions of Abu Dhabi, which IS represented by UAE, are 
summarized in Table 3 .2 .  
Table 3.2 Major c l imate conditions of Abu Dhabi (HPRCC 2006- Eulenstein 2008) , , , 
Sola r Radiation Am bient 
(kWbJm
2
.day) Temperature Relative Wind Speed 
Month (0C) H u m idity (%) (mJs) 
January 3 .900 1 9. 1  60 3 .6 
February 5.582 2 1 . 1  65 4 . 1  
M arch 5.93 1 24 5 1  4.6 
April 7 . 560 29.4 40 4 . 1 
May 7.560 3 3  4 2  3 .6 
June 7.908 34.9 50 4.6 
July 6.745 3 5 .3 48 4.6 
August 6.745 36.5 43 4. 1 
September 6.745 33.7 50 4 . 1 
October 5 . 5 82 30 45 3 .6 
November 4.652 26 60 3 . 6  
December 3 . 780 22.2 56 3 . 6 
A verage 6.058 28.8 50.8 4 
From the global distribution of the solar radiations to the earth as shown in Figure 3 .4 ,  the 
solar radiation values of UAE were calculated as presented in  Table 3 .2 .  
U AE receives different sol ar radiations in  whole  the year. The higher solar radiation 
values in UAE was recorded in April ,  May, June, July, August and September and it was 
in the fol lowing order: June > May> Apri l> July> August> September. From Table 3 .2, 
solar radiations during the whole year varies from the lowest value of 3 .780 
(kWbJm2.day) in December to the maximum value of 7.908 (kWhlrn2.day) in June, while 
� 
the average of  total solar radiation values is 6.058 (kWblm2.day). 
Comparing the sol ar radiations of Abu Dhabi (UAE) that are presented in Table 3 .2 with 
values of El Paso (Texas) that are presented in Table 3 . 1 ,  it is c lear that Abu Dhabi bas 
4 1  
higher val ues than EI Paso. This is in l ine with the global distribution of solar radiations 
shown in Figure 3 .4 .  
Figure 3.4 Average annual solar radiations on  a horizontal surface at ground level ill 
(Wm-2) (HPRCC, 2006) 
Abu Dhabi receives more solar radiation than El Paso which indicates that Abu Dhabi is 
far more exposed to solar radiation al l over the year. However, solar radiation in Abu 
Dhabi area was higher at 8 months of the year, Figure 3 . 5 .  
The reported solar radiation values of  Abu Dhabi in Table 3 .2 are associated with high 
inland and seawater temperature. Those values have raised the sea temperature about 
43°C and it is expected to be higher in the nearby lagoons and water bodies of the coastal 
sabkhas. That is because of the semi-closed nature of the basins, and because of the 
possible  salinity gradient in some locations and because of the dark color of algal mats 
which act as a dark l inear and increase heat absorbent. However, the temperature of the 
water is expected to be higher at higher depth (e.g. 1 -2 m) due to the possible sal ini ty 
gradient (Sadooni et aI . ,  2005). 
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Figure 3.5 Comparison 0 f solar radiation in E1 Paso and Abu Dhabi Emirate 
Ambient temperature (OC), relat ive humidity (%) and wind speed (rn/s) for UAE were 
measured during year 2007, which was hotter and sunnier than normal .  Numerous records 
were broken for h igh temperature, and more signi ficantly  2007 was the driest year since 
records began i n  ] 967. The total rainfal l for the year was 7.6 mm, wel l below the annual 
average of 92 . 8  mm and disappoint ing after such a wet December 2006. H umidity levels 
were consi stently  lower than nonnal, and this contributed signi ficant ly  to the relatively 
high comfort levels experienced during the warmer months (Eulenstein,  2008). 
W inter (January, February and March) of UAE 2007 was interspersed with its usual 
period of unsettled, c loudy and windy weather. Rainfal l  was reported on 1 2  different days, 
but despite the frequency of rain, the meagre amount of rainfal l  for this winter period 
made it the third driest winter s ince records began . Only 4 .2  mm of rainfa l l  was recorded, 
with 3 .6 mm of the total amount fal l i ng during the first week of February. This was wel l  
below the winter rainfal l average o f  65.0 mm .  As was the case in  December, January 
remained marginal ly  cooler than normal ,  these two months combining to break the trend 
43 
of the pre ious 69 months in wruch the mean temperature was either above or equal to the 
long term average. However, temperatures bounced back to become above normal again 
during February and March. Fog affected the weather numerous times during February 
and March. While the spring (Apri l ,  May, June), a last taste of winter was experienced 
during the first week of Apri l with some thunderstorms occurring on two separate days 
producing 3 .4 mrn of rain. This was the last of the rain for spring, however, and as spring 
is typical ly a dry time of year the total seasonal rainfall was only marginal ly below the 
long term average of 7 .7  IDID. Most noteworthy for spring 2007 were the higher than 
average temperatures and lower than normal humidity levels, with a number of records 
being broken. During both Apri l and May, the mean dai ly  temperature was higher than 
previously recorded (29.4°C and 33°C respectively), and during June the average 
minimum temperature of 3 1 . 1 °C was the highest since records began. Despite 
temperatures being wel l  above average, humidity levels were wel l  below normal, reaching 
record low l evels during Apri l .  The most noteworthy weather event for spring and 
probably the year was Tropical Cyclone "Gonu" which was a "category 5"  cyclone, the 
highest category possible.  The cyclone battered Oman with winds up to 25 .7 m/sec, heavy 
seas and torrential rain causing widespread flooding. The East coast of UAE was affected 
to a lesser extent, mainly by the rough seas generated when the cyclone was at ful l  
strength in the middle of  the Arabian Sea (Eulenstein, 2008). 
The summer season 2007 (July, August September) was relatively pleasant. There is no 
escaping the beat of summer, but lower than normal humidity does make a big difference 
to comfort 
·
levels.  Temperatures were indeed h igber than normal, particularly overnight 
temperatures, with the mean minimum temperature for both August and September 
breaking record high levels (32.4°C and 29.2°C), and the mean monthly temperature of 
33 .70C being a record high for September. But offsetting the rugh temperatures was the 
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low hwnidity.  Consistently l ower than average humidity was experienced throughout the 
summer period and particularly in September which is considered one of the foggy 
months due to the normal ly  high levels of humidity, but this year humidity levels  reached 
record low levels. As is typical, there was no rainfall in UAE during the summer months 
(Eulen tein  2008). 
Final ly in the autumn (October, November and December) the summer trend of above 
normal temperatures and below average humidity levels continued throughout the autumn 
period. However as temperatures are falling fairly rapidly during this time of year the 
humidity has less of an impact on comfort levels than it does during the warmer months. 
Daytime temperatures were only a l i tt le  above average but overnight temperatures were 
consistently 1 °C to I . 5°C above nonnal . The periods of unsettled weather that can often 
affect UAE during November and December were l imited to one event this season,  during 
the first week of November. However, it was insignificant in that only a "trace" of rainfall 
was recorded . This was the total amount of rainfall for the season, and although wel l  
below the seasonal average of 1 9.3 mm, it  is not unusual as there have now been 1 3  years 
out of the past 40 years in which a trace or zero rainfall has been recorded during autumn. 
During October, thunderstorms regularly developed over the Hajar mountains, but had no 
impact on UAE. Fog occurred during November for three days and affected many parts of 
the UAE for n ine consecutive days (Eulenstein, 2008). 
Salinity of the Arabian Gulf seawater ranges between 37-40%0. Nevertheless, the sal inity 
of seawater near the coastal areas of Abu Dhabi Emirate is very bigh and ranges around 
40-45%0. M�reover, the sal inity of lagoons in that area is even higher and may reach 70%0 
in  their near shore areas (de Matos, 1 989). 
The coastal sabkhas in the Emirate of Abu Dhabi are exposed as a strip approximately 
300 km long and 1 5  km wide which are saturated with hal ite (common salt) that 
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crystal l izes to fonn a hard crust (Figure 1 . 1 ). Polygons of hal i te approximately 1 m across 
and 1 to 2 cm thick, bordered by pressure ridges 2 to 3 cm high, cover much of the sabkha 
urface (Wood et al . ,  2005). Beneath the surface, calcium sulphate also becomes 
concentrated and forms a mush of gypsum crystals about 50 cm below the surface. At 
ground temperatures greater than about 42°C the water of crystal l ization is driven from 
the gypsum crystal lattice to create anhydrite (Glennie, 1 997). 
When hal ite crystal l izes, it does so by growing horizontal ly rather than by increasing its 
thickness vertical ly. A space problem ensues, which is resolved by the salt sheets over­
thrusting each other if thin,  or by forming polygons (ideal ly hexagons) as it grows thicker 
(Glennie, 1 997). 
The avai lable volume (a measure of how much space it occupies) of hal i te in Abu Dhabi 
sabkhas by simple calculation is approximately 0.09 krn3 (90,000,000 m\ assuming that 
the halite's thickness is constant with 2 cm along the coasts (300 km length and 1 5  km 
width), although a thicker layer could be found. Density of hal ite in sol id case is 2323 
kg/m3 (Walker, 1 998), and the mass (a measure of the quantity of matter present in an 
object) was calculated and found to be 209,070,000 ton which is very high quantity . This  
abundance of hal ite m akes it possible to  harvest salt, as solar salt,  more than once a year; 
may be two or three times and market the production or to use salt in solar ponds to 
produce heat. Thus the pond could l iteral l y  be bui l t  on salt as in the case of coastal 
sabkhas of Abu Dhabi . 
3.3 COST ANALYSIS 
Hull  et al .  ( 1 989) reached that the efficiency of the economic management of solar pond 
wi l l  i ncrease its fmancial viabil ity. Economy,  which defInes as a system of organization 
or prudent management, is timeless, whereas the fInancial viabi l ity has a strong relation 
with current and future capital and operating costs. Because the economic scal ing 
46 
associated with excavation, l ining, salt recycl ing and operation favors larger sizes· the 
sizes of al inity gradient solar ponds could be in greatest application of approx imately 
1 0 000 to 1 00 000 m2. Solar ponds of smaller area are less economical ly viable, except in 
very special situations. The actuaJ long term operating cost in solar ponds wi l l  largely 
depend on the l i fetime of the materials used. 
Hul l  et al . ( 1 989) also reported that any economic projections of energy costs from ponds 
should be treated only as rough estimates. The reason is that most of the currently 
operating ponds that extract heat are smaller than the expected commercial size. 
To asses the cost of producing electricity or desalinating water for the proposed SGSP in 
Abu Dhabi a computer code suggested by Goodel l  et al .  (2004), wruch was provided by 
an economic model ing studies, relevant to economic evaluation of El Paso SGSP wil l  be 
explained used and discussed in  tills work. 
3.3. 1 A n  Overvi ew of the Used Computer Code 
Goodell et al. (2004) suggested a computer code focuses on some factors that are varying 
from one site to another wrucb determining largely  solar pond economics. The cost 
estimates considered the price of land, salt, generators, capacity, land clearing, and other 
factors that were presented as variables. Input data rel ies on previous studies done by 
several authors Reid et al . ( 1 985)  Lu et al . (2000) and Lu et al. (200 1 ). 
I n  Table 3 .3,  wruch is adapted from EI Paso's economic analysis, the fust hand column 
l ists the input parameters and then the output, primaly in cost per unit of production. Input 
parameters include a constant thermal efficiency of 0. 1 4, as determined by experience on 
smal l-sized 
·
SGSPs. TIlls value is used throughout, although larger ponds may be more 
efficient and another value can be considered. Other input parameters include construction 
and equipment costs, selected operational parameters, maintenance and amortization over 
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25 years at an interest rate of 6%. The multiple columns left to right document data for 
indu trial plants with progressively larger capacities (Goodell  et aI . ,  2004). 
Table 3.3 Cost production and economic analysis of El Paso SGSP using average solar 
radiation 5 . 7  O:Whlm2 .day) (Goodell  et al 2004) . , 
Pond Size (Ha) 
ola r Pond Costs I 5 1 0  20 30 40 
Land cost (S/Ha) 5,000 5,000 5,000 5,000 5,000 5,000 
Land clearing cost (S/ Ha) 2,500 2,500 2,500 2,500 2,500 2 ,500 
Dike height (m) 4 .5  4 .5  4 .5  4.5 4 .5  4 . 5  
U n i t  area capital cost ($lI la) 98,968 98,968 98,968 98,968 98,968 98,968 
Subtotal capital cost ($) 98,968 494,84 1 989,683 1 ,979,365 2,969,048 3,958,730 
olar pond instrumentation ($) 4 1 ,2 50 46 250 52,500 65,000 77,500 90,000 
a1t (tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
Unit  a1t cost ($lIon) 40 40 40 40 40 40 
Total salt cost ($) 320,000 1 ,600,000 3,200,000 6,400,000 9,600,000 1 2,800,000 
Sola r Radiation (kWh/m2.day) 5 .7  5 .7  5 .7  5 .7  5.7 5 .7  
Thermal  Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Tota l Capital Cost ($) 460,2 1 8  2, 1 4 1 ,09 1 4,242, 1 83 8,444,365 1 2,646,548 1 6,848,730 
I nterest Rate for Capital  Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Depreciation (yr) 25 2 5  2 5  2 5  2 5  2 5  
A n n ual ized Cost ($/yr) 36,00 1 1 67,49 1 3 3 1 ,852 660,575 989,298 1 ,3 1 8,02 1 
M ain tena nce ($/yr) 3,600 1 5,074 26,548 46,240 59,358 65,90 1 
Tota l A nn ua l  Cost ($/yr) 39,60 1 1 82,565 358,400 706,8 1 5  1 ,048,656 1 ,383,922 
H eat Production (GJ/yr) 1 0,486 52,429 1 04,857 209, 7 1 4  3 1 4,572 4 1 9,429 
Heat  Cost ($/GJ) 3.78 3 .48 3 .42 3 .37  3.33 3 . 30 
Table 3 . 3  characterizes a general industrial example of the appl ication of the technology. 
In this example, it is  decided to have six ponds with di fferent sizes ( 1 ,  5 ,  1 0, 20, 30  and 40 
Ha). The land is purchased at ($5000IHa), and prepared for pond construction and use at 
($2500IHa). Unit salt is purchased at ($40/ton) and a dike at a height of 4 . 5  m is built. I n  
addition to that, solar radiation i s  assumed to be 5 . 7  (kWhlm2.day) which i s  the average of 
total solar radiation values at EI Paso, Table 3 . 1 .  Equations that were used in Table 3 .3  are 
. 
explained as fol lows (Goodel l  et al . ,  2004):  
U n i t  area capital cost (�
a
) = 2 . 5  x 
] .07 x land cost (:
a
) 
5406 + 465 x 60 +  + O.93 ] x  
2 . 5  





� + 2 1 7 . 5 x d i ke height (m)x 3 .28 
2 . 5  
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( 1 )  
ubtotaJ area capital cost ($)= pond size (Ha )x unit area capitaJ cost (:
a 
) (2) 
olar pond instrumenition($)=40 000 + ]  0,000 x2 . S 
alt to b u ed (tons )= 8 000 ton x pond size (Ha ) 
Ha 
Salt cost ($)= unit salt cost (�)x salt (tons) 
ton 
pond size(Ha) x -----'----'-
20 







' d ( $ J PM�(interest rate for capital cost; depreciation (yr}, J lze cost - = - 1 ' (7) yr totaJ capi taJ cost ($) 
Mainteance cost ( ; ) � 0. 1 x Annual ized cost ( :r J 
Total ann ualcos{ ; ) �AnnUal izedoOS{; )+ Maintenane cost (; J 
Heatproductio1 GJJ= l 0 OOOx SOJarradiatio{ �Wb )xpondsize(Ha) 
t yr ill · day 
x thermaefficiency d .6x 365 1 000 
total annual cost (-� J 
Heat cost (�)= 
yr 
GJ (GJ ) heat production y;-
3.3.2 M a i n  Scen a rios Considered 
(8) 
(9) 
( 1 0) 
( 1 1 ) 
The cost data presented by Goodel l et aJ . (2004) and discussed in section 3 .2 . 1 of this 
thesis is the most comprehensive economic analysis of solar ponds currently avai lable. In 
this sect ion, economic analysis relating with the UAE conditions has been bui l t . The fust 
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step toward the analysis was to develop a model of Goodell 's data. This process was 
completed within a series of Excel spreadsheets. Essentially, Tables 3 .4 through Table 
3 . 1 1 were recreated along with their supporting data. Variables relating to solar pond size 
and performance were not changed in  order to ensure that this research work wi l l  describe 
only those economic changes result ing from increased or decreased capital and 
maintenance costs since the original data was gathered . 
The computer code that was presented in  Table 3 . 3  is appl ied in this work with d ifferent 
scenarios; to determin e  the economic analysis of Abu Dhabi's sabkhas. The constant 
parameters assumed to remain constant. These parameters include thermal efficiency with 
0. 1 4  maintenance and amortization over 25 years at an interest rate of 6%, prepare the 
land for conslluction ($2,500IHa) and the height of the dike (4 .5  m). 
10 this computer code there are three variable  param.eters responsible for varying the 
SG P costs that are: solar radiation, land cost, and unit salt cost. By changing the values 
of these variables, different scenarios of cost for solar pond can be obtained as in 
fol lowing scenarios. 
3.3.2 . 1  Sce n a rio # 1 :  One V a riable 
One variable  of the three (solar radiation, land cost, unit salt cost) is used respectively and 
its value is changed, whi le the other two remain without any change. As a result, different 
total cost values were calculated and obtained as below: 
Solar radiation: 
In this case, the solar radiation values of Abu Dhabi during whole year (from January to 
December) �ere tested in addition to the average of these values, Table 3 .2 . The other two 
variables were assumed to be constant; land cost at 5 000 ($lHa) and unit salt cost at 40 
($lton). 
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Each of average (6 .058 k\J hlm2 .day). minimUm ( 3 .780 k Whlm2 .day) and maximum 
( 7 .908 k Whlm2 .day) solar radiation were tested and their heat costs were calculated. Table 
3 .4 shows the summary and Figure 3 .6 shows the results .  
Table 3.4 Hcat cost ( / J )  \s. pond size ( Ha) using average. maximum and minimum 
solar rad iation (kWhJm2.day ) in Abu Dhabi sabkha at land cost 5.000 ($/Ha) and salt cost 
40 ( It n )  
.1\ verage M a x i m u m  (June) M in imum ( Decem ber) 
-& l'\L.Radiation (kWh/m 2.day) 
Pond S ize ( H a) � 6.058 7 908 3 780 
1 3 . 5 5  2.72 5 .70 
5 3 .28 2 . 5 1 5.25 
1 0  3 .22 2 .46 5. 1 5  
20 J 1 7  2 .43 5.08 
30 3. 1 4  2 .40 5 .03 
40 3 . 1 0  2.38 4.98 
It  was noticed from Table 3 .4 that as the solar radiation i ncreases, unt i l  reaching the 
maximum value. as the heat cost decreases and vice versa . 
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Figu re 3.6 Cost of produced thern:al. energy ($/qJ )  vs . . pond s ize (H�) using average, 
maximum and min imum solar radJatlOn (kWh/m .day) J ll Abu Dhabl sabkha at land cos
t 
5 .000 ($/Ha) and salt cost ( $/ton) 
5 1  
f- igure 3 .6  explains that there is  an i nversely relat ionsh ip between the strength of the solar 
radiation and the produced heat c st .  
I 1eat costs during the whole year in Abu Dhabi sabkha are summarized in Table 3 . 5 .  
Detai l s  of heat costs are represented in  Appendix (A) . 
Table 3.5 T I cat cost ( IGJ ) vs. pond size ( Ha) using di fferent solar radiation 
(kWh/m2.day) in whole year in  Abu Dhabi sabkha at land cost 5 ,000 ($lHa) and salt cost 
40 ($/ton) 
Pond Jan .  Feb. March Apri l  & June Ju ly, A ug. Oct. Nov. Dec. Avg. 
Size ( H a)  May & Sen. 
I 5 5 1 3 .86 3 .63 2.85 2.72 3 . 1 9  3 .86 4 .63 5 .70 3 . 5 5  
5 5.09 3 . 56 3 . 3 5  2.63 2 .5 1 2.94 3.56 4.27 5.25 3 .28 
1 0  - 00  3.49 3 28 2 .58  2 .46 2.89 3 .49 4 1 9  5. 1 5  3 .22 
20 4.93 3 . 4 4  3 .24 2 . 54 2 . 4 3  2 .85 3 .44 4. 1 3  5.08 3 . 1 7  
30 4 . 87 3 .·10 3 .20 2 . 5 1 2AO 2.82 3 .40 4 .08 5.03 3. 1 4  
40 4 .82 3 .3 7  3. 1 7  2 .49 2.38 2 79 3.37 4 04 4.98 3 . 1 0  
I t  i s  observed from Table 3 . 5  that the rais ing in  the sol ar radiation leads the heat cost to  be 
decreased in al l different ponds' sizes. Both Apri I and May months have the same heat 
cost according to having the same solar radiation value. Also, July,  August and September 
have the same sol ar radiat ions and as a result of that they have the same heat cost. 
Land cost: 
Land of Abu Dhabi sabkhas is neither ut i l ized for industry nor for hosting. so it was 
d ifficult  to know or estimate the approximately cost for it .  The land cost, which is the 
variable factor here, was tested with d ifferent assumed costs, whi le both of solar radiation 
and unit salt cost assumed to be constant. The value of solar radiation assumed to be the 
average value for UAE 6.058 ( kWh/nl.day) and the unit  salt cost to be 40 ($/ton). 
I n  the first case, the land was assumed to be free (0 $lHa); as an example owned by the 
government, Table A. I I ,  Appendix (A). In the second case. the l and costs 2,500 ($fI-la), 
Table A . I 2, Appendix  A. Table A. I ,  Appendix (A). represents the third case when land 
costs 5 ,000 ($/Ha). 
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hanging the value of land cost and i ts effect on the total beat cost in the three cases is  
summarized i n  Table 3 .6 and represented graphical ly in  F igure 3 .7 .  
T a b le 3 .6  Summary of heat cost in  ($/GJ ) vs .  l and cost in ($lHa) at UAE averaoe solar 
radiation 6.058 (kWh/m2 day) and salt cost 40 ($/ton) 
b 
l 
Pond Size (Ha)  --
Lllnd Cost ($/H a )  0 2 ,500 5,000 
I 3 . 5 1 3 . 53 3 .55  
5 3 .24 3.26 3 .28 
1 0  3 . 1 8  3 .20 3 .22  
20 3 . 1 3  3 1 5  3. 1 7  
30 3 . 1 0  3 . 1 2  3 . 1 4  
40 3 .07 3 08 3 . 1 0  
3 6  
3 .5 
m 3 4  
� 
Ef} 
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Figu re 3.7 Heat cost ($/GJ) vs. pond size (Ha) using free, 2 ,500 and 5,000 ($/Ha) l and 
cost at UAE average solar radiat ion 6.058 (kWlllm
2 .day) and salt cost 40 ( $/ton) 
By vary ing l and cost factor in the three cases and compariJ1g the results, which 
Table 3 .6 
represent 
�
them; i t  appears a smal l  d ifference bappening with varyiJ1g the land cost 
that 
could  be negl igible .  This is an i ndicator that the land cost does not hav
e a strong effect on 
the final heat cost. 
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From Figure 3 . 7, the same conclusion was found that land cost does not have a big effect 
on the total cost as solar radiati  n variable does. 
Unit salt cost: 
alar radiation was assum d to be constant at 6.058 (kWh/m2.day) which is the a\'erage 
value for A E. Also ,  land cost was assumed to be constant and has value of 5,000 ( Il Ia) .  
D ifferent a lue fI r unit salt cost were used and tested. 
I n  the fi rst case, the unit  salt cost was assumed to be free (0 $/ton); for example when it is 
avai lable i n  l arge quant it ies in the same area of ponds l i ke sabkha. Table A. 1 3 , Appendix 
(A). In the second case, unit salt cost has a value of 20 ( $/ton) and Table A. 1 4, Appendix 
(A),  represents the resul ts .  I n  the third case the unit salt cost increase to reach 40 ($/ton). 
Table A. I .  Appendi (A) .  Table 3 . 7  summarizes the resul ts of the three cases whi le 
Figure 3 .8 represents the three cases results graphi cal ly .  
Table 3.7 Sununary o f  heat cost ( $/GJ )  vs. un i t  salt cost ($/ton) at  DAB average solar 
radiation 6 058 (kWhlm2 day) and land cost 5 000 ($/Ha) 
p� Sa lt Cost ($/ton ) 0 20 40 
J 1 .08 2 .32 3 .55 
5 0.83 2.05 3.28 
1 0  0.79 2 .00 3 .22 
'0 0.77 1 .97 3. 1 7  
30 0.76 1 .95 3 . 1 4  
40 0.75 1 .93 3 . 1 0  
I t  i s  c lear from Table 3 . 7  that by reducing the unit salt cost, the total heat cost i s  reducing 
also .  There is a big d ifference in  heat cost when the sal t  was free and then when i t  was 
with i ts m ax imum value. I t  was noticed that the values of heat cost when sal t  cost was 
with its maximum value (40 $/ton) were the same heat cost values when l and cost was 
with i ts m ax imum value ( 5 ,000 $!Ha) as in Table 3 .6 .  
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Unit salt cost has a signi ficant affect on the heat cost as it i s  noticeable from Figure 3 . 8 .  
As  a concl usi n, unit salt cost has a big affect on  the total heat cost than the other two 
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Figure 3.8 H eat cost ($/GJ ) vs. pond size (Ha) using free, 20 and 40 ($/ton)  wlit salt cost 
at UAE a erage solar rad iation 6.05 8 C kWhfm2.day) and l and cost 5 ,000 ($/Ha) 
3.3.2.2 Scenario # 2: Two Variables 
Two variables were changed in this scenano whi le the third variable assumed to be 
constant. 
Solar radiation and Land cost: 
Both of solar radiation and l and cost were changed in this case . Unit sal t  cost was 
assumed constant with value of 40 ($/ton) in al l cases. Solar rad iation with maximum, 
min imum and average values; 7.908 ( kWhfm
2 .day).  3 . 780 ( kWh/m
2.day), 6 .058 
(kWhfm2 .day) respecti vely .  were used and tested here. Land cost was tested with i ts  free 
and max imum cost : 0 ($lHa), 5 ,000 ($/Ha) respectively.  
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I n  fi rst case. max imum solar rad iation ( 7 .908 kWh/m2.day) with free land (0 :Ha) v.ere 
tested, Table . ]  5 ,  Appendix (A) .  Whi le  in the second case, max imum values for both 
solar rad iation ( 7 .908 kWhlm2 .day) and land cost ( 5 .000 lHa were tested. Table A.3 ,  
Appendi x  (A) .  
[n  the third case, minimum solar radiation 3 .780 ( k\Vh/m2 .day) and [Tee l and cost (0 lHa) 
were used, Tab le  A. 1 6, Appendix  (A). Min imum solar radiation ( 3 . 780 k Wh/m2.day) was 
te ted " ith the maximum land cost ( 5,000 $/I fa) in the fourth case, Table A.2, Appendix 
(A) .  
Then average solar radiation (6 .058  kWhlm2.day) was tested with free land cost (0  $/Ha) 
in fifth case, Table A. I I , Append ix  ( A), and in sixth case average solar radiation (6.058 
kWh/nl.day) was tested with maximum land cost (5 .000 $/Ha), Table A. I ,  Appendix  (A) .  
Table  3 . 8 below summarizes the resul ts of the s ix cases, whi le Figure 3 .9 explains the 
results graphical l y .  
Table 3 . 8  Heat cost by  using two variables; solar radiation [ Max (7 .908 kWhlm2 .day) 
Min  ( 3 . 78 0  k Whlm2 .day) ,  Avg. (6 .058 k Whlm2 .day ) ]  and land cost [ free (0 $lHa), Max 
(5 000 $lHa)] at wllt salt cost 40 ( $/ton) 
Max  solar Min solar Avg. solar 
lax solar M in solar Avg. solar radiation & radiation & radiation & 
Pond ize radiat ion & radiation & rad iat ion & max land rna" land max  land 
(Ha) free land free land free land cost cost cost 
1 2 .69 5 .63 3 . 5 1 2 .72 5 .70 3 .55 
5 ? .48 5. 1 9  3 .24 2 .5 1 5 .25 3 .28 
1 0  2 .43 5 .09 3 . 1 8  2 .--1-6 5 . 1 5  3.22 
')0 2 .40 5.02 3 . 1 3  2.43 5.08 3 . 1 7  
30 2.37 4.96 3 . 1 0  2 .40 5 .03 3 . 1 4  
4 0  2 . 3 5  4 .9 1  3 .07 2.38 4.98 3 . 1 0  
From Table  3 . 8 , i t  i s  c lear that changing the two variables; solar radiation and land coaL at 
once t ime does not have a large affect on the final total heat cost. For example, i f  we 
compare between values of heat cost; when solar radiation was with its max imum val ue 
and land cost was free, with heat cost; when solar radiation was with its minimum value 
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with land cost was free. a negl igible d ifference between them can be found. This is an 
indicator that both of these two variables have a smal l impact on the total heat cost . 
1 10\ e er. solar rad iati  n has a larger affect on the total heat cost than the land cost does. 
From Fi gure 3 .9, i t  is c lear that the val ue of solar radiation has a very large impact on the 
total heat cost than the land cost does. As the solar radiation increases to the max imum, 
the heat cost decrea es in  a sign i ficant amount. Also, it is noticeable  that al though land 
cost was free but solar rad iation was with i ts minimum value, the total heat cost was 
h igher than that when l and cost was free and solar radiation was with i ts max imum value. 
This haws that l and cost has a smal l impact on the total heat cost compared with solar 
radiation. 
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Figu re 3.9 Heat cost ($/GJ) vs. pond size in ( Ha) for d ifferent solar radiation and land 
cost at salt cost 40 ($/ton)  
Solar radiation and unit salt cost: 
Both of sol ar radiation and unit salt cost were changed 111 thi s case. Land cost was 
assumed constant with value of 5 ,000 ($/Ha). 
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[n  the fi rst case. solar rad iation with maximum val ue (7 .908 kWhlm2 .day) and free unit 
salt (0 /t n) were used and tested. Table A. 1 7, Appendix (A) . econd case tested 
maximum val ues for both solar rad iation (7 .908 k\l hlm2 .day) and uni t  salt cost (40 
$/ton) .  Table A . 3 ,  Appendix (A) .  
Solar radiation \' i t ll its min imum val ue (3 .780 kWhlm2 .day) and free unit salt (0 $/tOI1) 
were tested in the th i rd case, Table A . 1 8 . Appendix (A). ]n  the fourth case, minimum 
solar rad iat ion (3 . 780 kWhlm2 .day) with maximum unit sal t  cost (40 $/ton) were tested, 
Table A.2.  Appendi x  (A) .  
Whi le  in the fifth case the average solar radiation (6 .058  kWh/m2 .day) with free unit sal t  
(0 $/ton) were tested. Table A. I 3 , Appendix  (A) .  Then the average solar radiation (6 .058 
kWh/m2.day) again was tested \vith maximum unit sal t cost (40 $/ton) in the sixth case, 
Table A . I .  ppend ix  (A) .  
Summary for the s ix d ifferent cases is  showed in  Table 3 .9 and represented graphical ly  in 
Figure 3 . 1 0. 
Table 3.9 H eat cost by using two variables; solar rad iation [ Max (7 .908 kWhlm2 .day),  
Min (3 .780 kWhlm2.day), Avg. (6 .058 kWh/n/ .day) ] and unit salt  cost [ free (0 $/ton), 
Max (40 $/ton ) ]  a t  l and cost 5 000 ($/Ha) , 
Max solar Min solar Avg. solar 
\1ax solar M i n  solar Avg. solar radiation & radiation & radiation & 
Pond Size radiat ion & radiation & radiation & max sa l t  max  sal t  max salt 
( I-Ia) free salt  free sa l t  free salt cost cost cost 
I 0.83 1 . 74 1 .08 2.72 5 . 70 3.55 
5 0.63 1 33 0.83 2 . 5 1 5 .25 3.28 
1 0  0.6 1 1 .27 0.79 2 . 46 5. 1 5  3.22 
20 0.59 1 .23 0.77 2 .43 5 .08 3. 1 7  
30 0.58 1 .2 1  0.76 2 . 40 5.03 3 . 1 4  
. 
40 0.57 1 .20 0.75 2.38 4.98 3 . 1 0  
From Table 3 .9, i t  was not iced that when max imum solar radiat ion (7 .908 kWh/m
2 .day) 
was tested with max imwn unit sal t cost (40 $/ton)  at assumed constant land cost at 5 ,000 
( $/Ha): the resulted val ues are the same when maximum solar radiation (7 .908 
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kWh/m2.day) was tested ith maximum land cost (5 .000 /Ha) at assumed constant unit 
salt cost at 40 ( $Ilon)  as in  Table 3 . 8 .  Th is  i s  due to that in both these two cases we used 
the same val ues for the two variables and the assumed constant factor. 
Iso. it was noticed that when maximum solar radiation ( 7 .908 kWhlm2.da)) was tested 
\" ith free unit  salt cost (0  $/ton);  the resulted heat costs are much cheaper than that heat 
costs resul ted from test ing maximum solar radiation (7 .908 k Whlm2 .day) with free land 
cost (0  IHa). Table 3 .8 .  This  indicates that maximum solar radiation and free uni t  sal t  
cost has a larger sign ificant impact on the total heat co t comparing to the impact of 
max imum solar rad iation and free land cost. This leads to conclude that the impact of unit  
salt cost is much larger than that of land cost on the total heat cost. 
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Figure 3. 1 0  Heat cost ( $/OJ) vs. pond size in ( Ha) for di fferent solar radiation and unit 
salt cost at land cost 5 .000 ( $lHa) 
It i s  c lear that un i t  sal t  cost plays an effective role in  the final heat 
cost as represented in 
Figure 3 . 1 0 . As an example, even when the unit sal t  cost was in
 its max imum value (40 
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/ton)  and so lar radiation was in its minimum al ue ( 3 . 708 kWhlm2.day), the resulted heat 
cost was sti l led acceptable. This insures the conclusion which is unit salt cost has a 
stronger effect i n  the final heat cost compared to the land cost. 
Land cost and unit salt cos!: 
The two variables were land cost and unit sa lt cost whi le the solar radiation was assumed 
to be constant with its average value of UAE at 6 .058 (kWhlm2.day). 
In the fi rst case, both of land and unit  sal t  were a SW11ed to be free and tested, (0 $lHa) 
and (0 $/ton) respect ively, Table A. 1 9, Appendix (A) .  I n  the second case, free land cost (0 
lI la) was tested with maximum unit salt cost (40 $/ton) and the obtained results are 
shown in Tabl e  A . I l ,  Appendix (A) .  Whi le  the third case was tested maximum land cost 
( 5 ,000 I l Ia) wi th free unit salt cost (0 $/ton )  and the results are shown in Table A. l 3 , 
Appendix (A) .  When both of l and and uni t  salt were in  their  max imum values' 5 ,000 
($lHa) and 40 ( $/ton) respect ively, this test was carried out in the fourth case and Table 
A . I ,  Appendix (A) was presented it .  Summary of results for these cases is showed in 
Table 3 . 1 0  and Figure 3 . 1 1 . 
Table 3. 1 0  Heat cost by using two variables; l and cost [ free (0 $lHa). Max (5 ,000 $/Ha)] 
and unit salt cost [ free (0 $/ton),  M ax (40 $/ton) ]  at a erage solar radiation (6 .058 
k Wh/m:! day) -
Pond Size Free land & free Free land & max  salt  lax land cost & free Max land cost & max  
( Ha) salt  cost salt salt cost 
I 104 3 . 5 1 \ .08 3 . 5 5  
5 0.79 3 . 24 0.83 3 .28 
1 0  0.75 3 . 1 8  0.79 3 . 22 
20 0.73 3. 1 3  0.77 3. 1 7  
30 . 0.72 3 . 1 0  0.76 3. 1 4  
40 0.7 1 3 .07 0.75 3 1 0 
From Table  3 . 1 0. i t  was observed that both land cost and unit  salt cost have a significant 
effect on the total heat cost. However, the effect of unit salt cost on the fi nal heat cost is 
stronger than l and cost. For example, in case three, the final heat cost was sti l l  low 
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although the land cost was in i ts max imum value: this is because of being unit sal t  free 
cost. 
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Figu re 3. 1 1 H eat cost ( $/GJ) vs. pond size ( Ha) for di fferent l and cost and uni t  salt cost at 
average solar radiation 6 .058 ( kWhlm2 .day) 
Figure 3 . 1 1  explains graphical ly  that the lill i t  salt cost has a grater effect on the total cost 
than the l and cost does. I n  both fi rst and third cases when the unit salt was free, the total 
heat cost was very low comparing to the second and fourth cases where the unit salt cost 
was at its max imum value. 
3.3.2.3 cena rio # 3:  Three Va riables 
In this scenario, all the three variables' solar radiation, land cost and unit sal t  cost, were 
changed at the same t i me and the total heat cost was calculated . Each variable was tested 
twice : at its maximum and minimum value. 
When max imum values for all of solar radiation ( 7.908 k Whlm2.day). land cost (5,000 
$/Ha) and unit  sal t cost (40 $/ton) were assumed, it is the first case. The results of this 
case as resul ts detenni ned from Table  A .3 ,  Appendix ( A). The opposite of the first case is 
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the second ase, where a l l  of the three variables were in their minimum values; 3 .780 
(k\ h/m2.day) for s lar radiation and free cost for each of land (0 $/Ha) and unit salt (0 
$/ton). ' I  able  . .  20, Appendix (A),  described this case. Summary of these two cases are 
presented in Table 3 . 1 1 and described g[aphical ly in Figu[e 3 . 1 2 . 
Table 3. 1 1 I leat cost by using three variables' solar rad iation [ Max (7 .908 kWhJm2 .day) .  
,l in  (3 .780 kWhlm2 .da) ) ] . land cost [ free (0 $/Ha). Max (S .OOO $/Ha)] and un i t  salt cost 
[free (0 $/ton). Max (40 $/ton) ]  
r-'-----
M a x  solar ,'ad iation, max  land cost & M i n  solar rad iation, free land cost & 
Pond Size ( l Ia)  max  sa l t  cost free sa l t  cost 
I 2.72 1 .67 
f--- 5 ') . 5 1 1 . 26 f--- _1_0_ 2.46 1 .20 
20 ') .43 1 . 1 7  
30 2 .40 1 . 1 5  
40 238 1 . 1 3  
I t  was observed from Table 3 . 1 1 that there is no big d ifference between the fi rst case and 
the second case i n  resul ted heat costs. A lthough i n  the second case each of land and unit 
salt were free. solar radiation was in  its min imum value and that led to decrease the heat 
costs in sma l l  amount.  This demonstrates that solar radiation has a strong impact on the 
final heat cost. 
From Figure 3 . 1 2 , the resulted total cost in the fi rst case is sti l l  acceptable al though both 
of land and uni t  salt were in their  maximum values. This ensures that the solar radiation 
has a strong i mpact on the final  total heat cost. 
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Figure 3. 1 2  Heat cost ( $/GJ) vs. pond size ( Ha)  [or di fferent solar radiation, land cost and 
unit salt cost 
3.3.2.4 Conclus ion 
From al l  d ifferent scenarios that were tested, i t  was concluded that with maximum solar 
radiation and free costs for each of land and unit  sal t, the total cost for the ponds wi l l  be 
]0\\ est. 0, tills case can be described as an ideal case for establ ishing sal in i ty gradient 
solar ponds (SGSPs) with an economic cost. Also, both factors of solar radiation and unit 
salt cost have a dominated effect in  the final heat cost whi le  land cost doesn't has a big 
effect compared to the other two factors. 
As a concl usion, cost analyses for establ ishing salinity gradient sol ar ponds (SGSPs) in 
UAE seem to be very encourageable and this is because of low total heat cost in  general .  
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CHAPTER 4 
DATA COLLECTION A ND METHODOLOG Y 
This  chapter provides speci fic  i nformation about Abu Dhabi coastal sabkhas that include 
methods to determine the minerals phases, sediments characteristics and geochemical 
nature of the studied area where solar ponds are suggested. The research work wi l l  test the 
po ibi l ity of sol ar ponds construction and the avai labi l i ty of solar salts in Abu Dhabi 
coastal sabkhas and thei r benefits to the surrounding areas. To achieve thi s, two types of 
sample were col lected from Abu Dhabi sabkhas ;  sediments and water samples. Analyses 
for the col lected samples consist of: 
a) Sediment characterizations; which include analyses of gram-slZe, X-ray 
inspection, petrographic examination, carbonate content and salt crystals. 
b) Water characterizations; which include measuring the physical properties of water 
samples (PH temp. ,  E.C.,  sal in i ty (TDS), color odor) i n  the field, c hemical 
analysis of the water sample (major cations and anions) in addition to review of 
the chemical  data previously reported by other researchers. 
4. 1 SAM PLES COLLECTI ON 
Sediments and water samples that needed to accomplish the different tests described 
above were col lected from the site of the area study along Abu Dhabi coast at d ifferent 
times. The site of interest is 88 kIn West of Abu Dhabi city, which extends from A I  
Mafraq-Al S i l 'a H i gh way near the Sate l l i tes S tation t i l l  Khor Al -Bazem and Al-Dhabeia 
area; 85 km from Abu Dhabi, 255 kID from S i l 'a, and 1 0  km on DY 1 7  Side Street. 
Parts of the sediments were col lected randomJy from the horizontal zone (surface) and 
parts from vertical zone (holes coring). Surface sediments were col lected from several 
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sites wi thin the study area from supratidal flats in ovember 2006; whi le vertical samples 
were collected by coring method from two holes with different depths in Apri l , 2006. The 
overall depth of the holes ranges between 0 to 6.45 m. Then sediments were kept in 
plastic bags and stored at room temperature unt i l experimental analysis time. The water 
sample were tested physical ly in the field at different depths ( from surface to 1 .2 m) in 
February, Apri l , and August, 2008. Also, water sample was col lected in plastic bottle 
from the study area and analyzed chemical Jy later in the lab. 
4.2 SEDIMENT CHARACTERIZATIONS 
Raymond ( 1 995) defined the sediment as loose particulate material , which is derived from 
the pre xisting rocks by weathering and erosion processes. The derived sediment is then 
transported, by availabJe various agents; that include gravity, running water and aqueous 
currents, the wind, and moving ice, from its formation site to various sites of deposition 
that characterize the particular environments of deposition. 
Anderson (2005) indicated that sediments may be also formed from chemical , 
biochemical, or biological materials such as minerals formed by the evaporation of sea 
water sea shel l s, or plant remains. Also, he observed that sediment accumulates in sub­
aqueous environments, such as lakes, rivers, bays, deltas, beaches, and ocean basins. 
Sediment also may be deposited in other types of environments, such as deserts or 
glaciated areas. The characteristics of the sediment (grain size, shape, sorting, and 
composition) and the sedimentary structures are clues to the environment in which the 
sediment wps deposited. 
Morelock and Ramirez (2004) reported that marine sediments can be grouped into three 
categories, based on their composition and mode of origin: 
• Terrigenous: grains that were eroded from the land then carried to the marine 
environment by rivers, wind, glaciers, slumping and mass wasting (clastic) . 
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• Biogenic: fragments that were d erived from biol ogicall y precipitated sk el etal 
material by physical and biological erosion. These are mainl y cal cium carbonate 
but a minor fraction can be sil iceous (sponge spicul es) . 
• Authigenic: cherrli cal deposits that were formed from solution in the env ironment 
of d eposition by precipitation. Evapori tes, will ch were precipitated und er 
hypersaline conditions (abov e normal mari ne salinities) , are und er till s grou p. 
Morel ock and R amir ez (2004) al so reported that each sedimentary category carries a 
record of its ori gin and its environment of d eposition. Some physical characteri stics lik e 
size, sorting, shape and col or are important in d escri bing what the sediment " l ook s l ike" 
regardless of the sediment source. 
The maj or objectives in characterizing the particle size d istribution of sed iment under 
investigation involv e d irect v isual and aid ed d escription, compari son, and interpretation. 
The subsequent sections il lustrate the main activities carri ed out to characterize the 
coll ected sediments: 
4.2 . 1  Grain-S ize Analysis 
Gore (2004-a) indicated that particl e-size anal ysis often is used to evaluate soil texture. 
Texture refers to the size and shape of the grain s  in sediment. The textures of the rocks in 
the source area control the grain size and composition of the resul ting sediment. 
Sediments can be separated into four main groups based on grain size; grav el, sand, silt, 
and clay . The sediment grain size scal e is known as the Wentworth Scal e, as shown in 
Table 4. 1 .  
Gravel form s through physical weathering of rock. A piece of grav el is usuall y a " rock 
fragmen t" composed of more than one mineral. Sometimes a piece of gravel is a single 
mineral, most commonly quartz. Till s is because quartz is sometimes present as v eins, 
which may be sev eral inches wid e or more, thus producing grav el - sized casts. 
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Table 4 . 1  Wentworth ScaJe (Gore 2004 a) , -
Particle N a m e  Particle D i a m eter (m m) 
G ra el Boulders > 256 
Cobbles 64 - 256 
Pebbles 4 - 64 
Granules 2 - 4  
Sa nd V �ry coarse sand 1 - 2 
Coarse sand 0.5 - 1 
Medium sand 0.25 - 0.5 
Fine sand 0. 1 25 - 0.25 
Very fine sand 0.0625 - 0. 1 25 
Si l t  0.004 - 0.0625 
Clay < 0.004 
Sand fonns through the breakdown and disintegration of rocks which have sand-sized 
between 0.0625-2 rnm grains, such as granite. In humid cl imates, quartz sand grains are 
released from granite after the feldspar grains aJter to clay by chemicaJ weathering 
(hydrolysis). I n  more arid areas, granite breaks down by physical weathering such as frost 
wedging, releasing both feldspar and quartz grains. 
Silt originates from the chipping of coarser grains during sediment transport, or from the 
disintegration of fme-grained crystaJ l ine rocks such as slates, phyll i tes, and schists. 
Clay originates primari ly through chemical weathering of feldspars and other a lumino-
silicate minerals, which contain aJuminum and si l i con. Clay refers to a particular size of 
sediment particle which could be a quartz grain or a clay mineraJ flake, or some other 
ery smal l mineraJ fragment. It is also used to refer to a group of minerals. There are a 
number of clay minerals, includ ing kaol inite (the white clay mined in central Georgia and 
used for shiny coatings on paper, and additives to rubber), i l l ite (which contains 
potassium), -and montmori l lonite or smectite (a group of clays which can take in  la
rge 
amounts of water and as a result they are commonly referred to as "swel l ing clay
s"). 
Gerakis and Baer (2000) presented that once the particle-size fractions (san
d, si lt, and 
clay) are measured. a texturaJ triangle such as the Uni ted States 
Department of 
Agriculture (USDA) triangle is used to classi fy the soi l ;  see Figure 4 .
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F igu re 4. 1 The USDA textural triangle (GeraJcjs and Baer, 2000) 
Eacb point in the textural triangle represents a unique combination of sand and clay 
content. For a given textural c lass, al l  combinations of sand and clay content are bound by 
a polygon that bears the name of the class. The algorithm presented in USDA triangle 
counts the n umber of times a vector extending from the test point and parallel to the 
positive Y axis crosses an edge of the polygon. I f  the count is  even or zero, the test point 
is  outside the polygon. I f  the count is  odd, the point is  inside the polygon. For example, 
the vector V extending from point A crosses one edge of the polygon "sandy loam, "  
therefore point A i s  i nside the polygon. The same vector crosses two edges o f  the polygon 
"sandy c lay loam, "  therefore point A l ies outside that polygon. 
The essential aims in determining the particle size distribution of a sediment or 
sedimentary rock are description, comparison, and interpretation. Particle size is  a 
fundamental pbysical property of sediment or sedimentary rock, and it can tel l  much 
about sediment or sedimentary rock origin and history . The conditions of transport and 
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dep sition of sedimentary particles can also be inferred from the particle size distribution. 
wruch is an essential property for assessing how soils or sediments beha e under loading 
conditions l ike storm waves oceanographic currents, and earthquakes (Torresan 2006). 
In this work, samples from different locations of Abu Dhabi sabkha coastal area, (See 
Figure 1 .2), were analyzed using the grain-size method. Morelock and Ramirez (2004) 
mentioned that this method is sti l l  widely accepted, although it may be the oldest. The 
data which was obtained from grain size analysis was described statistically and 
represented graphical ly _  Accordingly the textures of the sediments were determined 
according to the USDA classi fication and Gore (2004-a). Computerized algorithm of 
USDA triangle was used to accomplish this task .  Results are presented in Chapter 5 .  
The grain size analysis procedure was adapted from Khalaf e t  al . ( 1 985) as fol lows: 
1 .  Clean the screens of the sieves careful ly, by turning the sieve face down and 
striking the tabl e  evenly with the rim. You may use a soft bristle brush to gently 
wipe the screen. 
2 .  Nest the screens in  order, coarsest at the top, pan on  the bottom. ( 1 0, 1 8, 35,  60, 
1 20 230 pan) 
3 .  Weigh the sample in a container to 1 00 g. 
4 .  Pour the sample into the top sieve and shake gently by hand. You may remove all 
the screens that are too coarse to catch any grains. Place the cover on the stack. 
S .  Place a clean paper o n  the table. 
6 .  Hold the sieve upside down and pound i t  sharply o n  the paper, striking the table 
evenJy with the rim. 
7 .  Repeat this process unt i l  no more sand is dislodged from the sieves. 
8 .  Weigh the container with the sample i n  i t  to 0 . 0 1  g .  Record the weight. 
9 .  Repeat procedures 5 ,  6, 7 ,  and 8 for each o f  the sieves. 
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4.2.2 X-ray Ana ly i 
X-ray diffraction is a classic technique to characterize the crystal structure of a m ineral . I t  
uses the fact that x-rays bounce off planes of atoms inside a crystal . By varying the angle 
between the sample and the x-ray detector, peaks in the x-ray intensity occur. The peaks 
correspond to the spacing between planes of atoms in the crystal .  
This technique was used in this work to identify the mineralogy of sabkhas' sediments 
composition for twenty one samples by using a Phi l ips X-ray diffractometer model 
PW1 1 840, with Ni fi ltered Cu-ka radiation (A= 1 . 542AO) run at 40 kV, 30 rnA potential 
and scanning speed of 0.02°/sec. The diffraction peaks between 29=2° and 29=60° were 
recorded. The corresponding spacing (dA 0) and the relative intensities (III 0) were 
calculated and identified according to their basic refl ections as given in the American 
Society for Testing and Materials (ASTM) cards index . 
4.2.3 Petrographic Ana lysis 
Gore (2004-b) reported that minerals ill sediments can be identifi ed by thin section 
analysis using a m icroscope. Identifying the minerals present is important to classify the 
composition of their grains. By identifying the minerals that sediments contain, sediments 
can be identifi ed by grouping them into their origin as terrigenous sedimentary rocks, 
chemical and biochemical sedimentary rocks, or organic sedimentary rocks. 
Examin ation was carried out on thin-sections of selected sediment samples of Abu Dhabi 
sabkha under the Prior J ames Swift Polarized M icroscope to determine the minerals in the 
collected 1 2  sediment samples. Mineral catalogues and atlas were used to study and 
determine the mineral type and its micro-morphology. Results are represented in the next 
Chapter. 
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4.2.4 a rbon ate Content 
Mooers ( 1 999) reported that carbonate content of sediment is a parameter that is widely 
used in soi l  science and c lastic sedimentology for the characterization of the sediments. 
arbonates are materials dissolved after the digestion of a sediment sample by 
hydrochloric acid (Carver, 1 97 1 ·  Hesse, 1 972). This concentration is detennined by 
observing the reaction when 1 0% HCl is  added to the sediments (Hodgson, 1 974; Loring 
and Rantala, 1 992). 
Using the method of Carver ( 1 97 1 ), the carbonate content was detennined in the selected 
samples as fol lows: 
1 .  Prepare a portion sample weighing 1 00 g to be dissolved. 
2. Place the sample in a glass beaker and add properly di luted HCI ( 1 0%). Pour the 
acid carefully to avoid frothing over the top of the beaker. 
3 .  After complete digestion, fi l ter and wash the residue well and decant several 
times. 
4. Dry the fi l ter paper with residue at a temperature below l OODC and weigh to 
calculate the percentage of carbonates. 
4.2.5 Salt  Crystals 
It was bypothesized that i f  the purity of  the samples is 95% and more the dissolution of 
the sample could re-crystal l ize wel l developed crystals.  Thus, different selected samples 
were dissolved in dist i l led water. Then, the dissolving samples were al lowed to evaporate 
natural ly  at room temperature for two days. The minerals that appeared after evaporation 
were analyzed under the Prior James Swift Polarized Microscope. 
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4.3 W ATER CHA RACTE R I ZATIONS 
4.3. 1 Phy ica l Propert i e  of the Sabkha ' Water Samples 
Water amples from different sites of the study area were measured for their physical 
properties in the field (PH temp. E.C. sal inity (IDS), color and odor). These samples 
were col Jected from different depths and at different times (February, April and August, 
2008). These analyses were done to test the avai labi l i ty of natural sal i ni ty gradi ents and 
the thermal strat ification of sabkhas water. Instrument of pH Hanna 
H )  98 ) 1 5PH Co ec TDS meter was employed to measure the values o f  pH . 
Conductivity COND 330i  set WTW instrument was used to measure the e lectrical 
conductivity (E.  C), the sal inity (TDS) and temperature. GPS color trak (majelan) 
i nstrument was uti l ized the color of the water samples. 
4.3.2 Chemical Ana lysis of the Sabkhas' Water Samples 
The col lected water sample was analyzed for i ts major cations (Na, Ca, Mg, K Ba, Sr, 
and B) and anions (CI,  NO), S04 CO), and Br). The major cations were detennjned using 
I nductively Coupled Plasma-Atomjc Emjssion Spectrometry (lCP-AES) Instrument; 
model (SOP-SP-ICP-02). The procedure as fol lows: 
1 .  Sample preparation : sample shall be free from any turbidity .  I f  sample is  turbid, 
fi lter through 0.45 11m membrane fi lter. 
2. I nstrument setup: fol low the ICP (Varian-Vista-MPX-CCD, S imultaneous) 
instruction manual for instrument setup and operation. 
3 .  Construction of calibration curves: 
a. A sllitable program was bui l t  using ICP Expert software selecting the 
analyte elements with respective wavelengths, sensitivities, interferences 
and l i near regression equation. 
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b. Aspirate the prepared mixed cal ibration standard solutions to construct 
cal ibration curves for each element. 
c.  Aspirate deionized water to remove the memory effects. 
d. The square of correlation coefficient (R2) shal l not be less than 0.99 for 
each cal ibration curve at least up to 20 (Jlg/ml) .  if  R2 is less than 0.99, 
construct the cal ibration curve again. 
Whi le  the major anions were determined using Ion Chromatography system ( ICS-90); 
model ( OP-CH- IC-OO I ) . The procedure was as fol lowing: 
I .  Fol low Chromeleon Version 6.60, S.  NO. 48 ] 44,  setup the instrument, acquisition, 
processing, recording, reporting and storage of test and cal ibration data. 
2 .  Checking cal ibration curve with the check standard : 
a. Inject 20 Jl l  of cal ibration check standard (9.2) and record the value. 
b. The cal ibration check standard shal l read the value + 5% m g/l . 
c .  In  case of any deviation, construct calibration curve again. I f  the deviat ion 
persists, construct cal ibration curve using freshly prepared mixed standard 
solution. 
3. Analysis of samples: i nject 20 Jll of the sample solution and calculate the 
concentration of anions in the sample from the cal ibration curve. 
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CHAPTER S 
EDIM ENT A ND WATER CHA RA CTERISTC 
5.1  EDIMENT C HA RACTERIZATION 
5. 1 . 1  G rain- ize Analy i 
The grain ize analy es were carried out for the sediment samples presented in Table 5 . 1 ,  
�hich were col lected from th surface (6 samples) and Table 5 .2 which were col lected at 
the bottom b coring two boles (1 4 samples) ; BH l and BH2 refers to the fust and second 
b ttom holes respectively. The results were used to construct the histograms shown in 
Figure 5 . 1 for the surface sediments and in Figure 5 .2 for the bottom sediments. These 
hi tograms were employed to evaluate inter-relationship among the different grain-size 
frequency distributions and theu effectiveness in differentiating between the 
edimentological behaviors of the various types of the studied sediments. 
Table 5 1 Grain size analysis of surface sediments . 
Saw Dle No. S- 1  S-2 S-3 S-4 s-s S-6 
Scale 
Sieve No Phi (0) nun Wt.(%) 
5 -2.0 4 0 0 I I  26 0 0 0 
1 0  - I  0 2 1 0.99 7.0 1 9.42 7.46 5 63 0 
1 8  0 0  I 1 1 80 1 5.85 9 1 8 8.28 1 2 02 8.02 
35 J 0 0 5  1 4. 6 1  8.85 1 0 26 9.76 1 1 .92 25 8 1  
60 2.0 025 1 8 90  I I  78 1 5 66 9 89 1 4 07 52 5 1  
1 20 3.0 0 1 25 26 52 2436 25 1 9  27.26 3 143 1 1 72 
230 4 0  0 062 1 7 1 2  29 78 1 4 8 1  28. 1 0  24 89 1 .94 
Pan >4 <0 062 0.07 2.37 4 23 9 26 0 05 0 
Total 1 00 1 00  1 00 1 00  1 00  1 00  
Textu re 
Gravel% 1 1 .0 7.0 20.7 7 5  5 6  0 
Sand% 8 8 9 90 6 75 . 1 83.3 94.3 1 00  
Mud% 0 1  2.4 4 2  9 3  0 0 
gravelly gravelly gravelly m uddy gravelly 
Te'(ture sand sand sand sand sand Sand 
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Table 5.2 G . f bott d'  t 
Sample No. BI I l - I  BH l -2 B H l -3 BH I -4 BH I -S BH I -6 BH I -7 BH2- 1  BfU-2 BH 2-3 BIl2-4 BI l2-S BH2-6 BI I2-7 
. Depth (m) 0-.45 1 - 1 45 2-2.45 3-345 4-4 45 5-5 45  6-6 45 0- 45  I - I  45 2-245 3-3 45 4-4 45 5·5 45 6-6 45 
Scale 
Sieve 
Wt.(%) No. Phi (0) m m  
5 -2.0 4 3 36 4 . 4 5  3 1 9  3 5 1 1 . 5 8  2 .87 0.84 6 23 6.95 0 00 2 3 7 9.36 0 86 0 00 
1 0  - 1 .0 2 6. 1 9  1 2. 7 1  2 82 8.49 7.85 7.65 3.04 1 2.93 1 4 79 4 67 7 76 J I 28 7 94 2 70 
1 8  0.0 I 6.23 7.93 6.4 1 4.6 1 7 92 1 2.22 4 . 5 4  2 1  1 8  1 2. 1 0 6 50 6 92 430 8 26 6 75 
3 5  1 .0 0 . 5  2.80 1 1 .03 7 .27 2.9 1 7 4 1 1 0. 1 7  5 .85 1 6.96 1 6.2 1  3 3 7  3 26 2.85 5 .5 7 5 3 9  
60 2.0 0 .25 8 .08 1 2. 1 7  7.94 1 1 .98 1 0.69 1 1 . 5 1  1 1 .3 7  1 2. 79 1 9 1 6  1 43 5  1 3 64 5 06 8 .26 7 1 5  
1 20 3.0 0. 1 25 3 8. 5 1  22.87 3 1 .88  30 .38  3 1  93 26.85 32 .50 1 3. 7 7  1 2.87 33.73 32 20 1 8 72 24 47 22 43 
230 4.0 0.062 3 2. 76 25.08 34 . 1 2  36.68 30.20 27.58 38.83 9.95 1 2.65 34 7 1  33.85 44 3 1  40.91 5 1 98 
pan >4 <0.062 2.06 3 .76 637 1 .43  2.42 U S  3 .04 6. 1 9  5.27 2.68 0.00 4 1 2  3 .73 3 60 
Tolal 1 00.0 1 00.0 1 00.0 1 00.0 1 00.0 1 00.0 1 00.0 1 00.0 1 00 0  1 00.0 1 00.0 1 00.0 1 00.0 1 00 0  
Texture 
Gravel% 9.6 1 7 .2 6.0 1 2.0 9 4  1 0. 5  3.9 1 9. 2  2 1 . 7 4 .7  1 0. 1  20.6 8 .8 2.7 
Sand% 88.4 79. 1 87.6 86.6 88. 1 88.3 93 1 74 7 73.0 92.7 89 9 75.2 87.5 93 7 
Mud% 2 . 1  3 . 8  6.4 1 . 4  2 .4 1 2  3.0 6.2 5 3  2 .7  0 0  4 I 3 7  3 . 6  
gravelly gravelly muddy gravelly gravelly gravelly gravelly gravelly gravelly gravelly gravcll} 
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Also, the results btained from grain size anal sis were represented graphical ly on the 
electronic A triangle shown in Figure 5 . 3 .  Moreover and through applying Excel 
so ftware, the grai n-size stat istical parameters: mean size (Mz), standard de iation (a), 
kUl10sis ( K u),  and skewness ( k) were calcu lated . The inter-relationships of these 
parameters were studied in order to discuss th ir possible geological significance. Table 
5 . 3  and Table 5 .4  show the grain-size stat istical parameters for the surface and bottom 
sediments, r pectively .  











1 0  
0 
0 
s ilt loam 
sandy clay 
loam 
1 0  20 30 40 50 60 70 80 90 1 00 
% sand 
Figure 5.3 The USDA Triangle representing the sand texture of the tested samples 
Table 5 3 Statistical grain size parameters of surface sediments . 
�ample No. Mz (J Ku Sk 
S l  0 .06 0.07 1 .02 1 . 1 6  
S2 0.04 0.04 -0.36 0.50 
S3 0. 1 1  0 . 1 5  4 .5 1 2 . 1 0  
S4 0 .03 0.03 0 .34 0.96 
S5 0.04 0.04 -0.83 0 .3 1 
S6 0 .03 0.03 -2.02 0.30 
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T b J  5 4  S 
. . 
I a e tat IstJca graJll size Jarameters of bottom sediments 
Sample No. Mz (J Ku Sk 
B1-1 1 - 1  0 .05 0.05 -0.72 0.9 1 
BH I -2 0 .08 0.09 0.79 1 .36 
BH I -3 0 .05 0 .04 2 .7 1 1 .44 
BH l -4 0.06 0.06 0. 1 8  1 .29 
BH I -5 0 .05 0 .05 2 .88  1 .56 
BH I -6 0.07 0.06 - 1 .50 0 .55 
BH ] -7 0 .03 0 .02 1 . 3 7  -0.35 
BH2- 1  0. 1 1  0 . 1 1  -2.04 0.52 
BH2-2 0. 1 1  0 . 1 2  -0 .64 1 .0 ]  
BH2-3 0.03 0.03 0 . 1 6  0.85 
BH2-4 0.05 0.05 1 .2 1  1 .24 
BH2-5 0.09 0. ] 4  2 . 1 7  1 .76 
B1-I2-6 0.05 0.05 3 .46 1 . 86 
B H2-7 0.03 0.02 -0.39 0.48 
Based on the Wentworth Scale and as shown in the histograms presented in  Figures 5 . 1  
and 5.2, the average grain size distribution of the sabkha sediments i s  dominant with a 
mode of coarse sand wbich covers about 80% of the studied area. 1bis resul t  i s  s imi l ar to 
that found in  pervious studies done in the same area (AJsharhan and Kendal l ,  2003 ;  Wood 
et al . ,  2005; H owari, 2006), and on Kuwait ' s  sabkhas along the coasts of the Arabian Gulf 
(Al-Hurban and Gharib, 2004). Morelock and Ramirez (2004) indicated that in the marine 
environment, coarser sediments general ly reflect bigher energy. Energy levels and 
therefore, sediment size are control led by such factors as wave action, exposure tidal 
range and water depth. The rest of the samples varied and c lassified as fine to medium 
sand as Wood et al . (2002) also found. Both porosity and permeabi l ity play an extremely 
important role in the diagenesis of the sabkha; as the whole processes of brine seepage 
and evapora.tive rise depend on good permeabi l ity (Al i, 2004). Most of samples have the 
same texture which means that both porosity and permeabi l i ty are presented wel l  in the 
investigated area. The semi-uniform distributions was i nsured by the statist ical parameter 
Mz (mean size), Tables 5 .3  and 5.4,  wbich was l ow and approximately c lose in. both 
surface and bottom samples. The distribution of the mean size values of the surface 
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cdiments in the study area ranges from 0.03 (coarse sand) in samples S4 and S 6  to 0. 1 1  
(coarse sand) in sampJe 3. ame distribution of the mean size (Mz) for the bottom 
edirnents ranges from 0.03 in samples BH l -7, BH2-3 and B H2-7 to 0. 1 1 in samples 
BH2- 1  and B H2-2 which have coarse sand texture. 
The low vaJue of the standard deviation (0); that ranged from 0.02 (wel l  sorted) to 0. 1 5  
(wel l sorted) for both surface and bottom samples, demonstrates the strongly sorted 
sediments in the study area. Til ls  strong sorting is matching the faraway position of the 
tudy area from the sea, supratidaJ sabkhas where l ittle change of sediments mixture and 
transportat ion occurs and environment of deposition is almost unchanged in this area. 
The statisticaJ parameter kurtosis (Ku) characterizes the relative peakedness or fl atness of 
the samples distribution compared with the normaJ distribution. Positive kurtosis indicates 
a rel atively peaked distribution. Negative kurtosis indicates a relatively flat distribution. I t  
i s  clear from Tables 5 . 3  and 5 .4 that samples of surface (S l ,  S3,  S4)  and bottom (BH l -2, 
BH l -3, B H 1 A, B H l -5,  BH 1 -7, BH2-3,  BH2A BH2-5, and BH2-6) have a relatively 
peaked distribution (+ve Ku); whi le  samples of surface (S2, S5, and S6) and bottom 
(BH l - 1 , BH l -6, B H2- 1 BH2-2, and B H2-7) have a relatively flat distribution (-ve Ku). 
Skewness parameter (Sk) characterizes the degree of a symmetry of a distribution around 
its mean. Positive skewness indicates a distribution with an asymmetric tai l extending 
toward more positive vaJues. Negative skewness indicates a distribution with an 
asymmetric tai l extending toward more negative values. From Tables 5 . 3  and 5 .4, it is 
apparent that all surface and bottom samples di stribute with a positive degree of 
. 
asymmetry except the bottom sample (BH l -7) which has a negative degree of asymmetry. 
This result  of positively skewed for the sabkhas of the UAE is simi lar to that mentioned 
by E l -Sayed ( 1 999). 
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5. 1 .2 X-ray Diffraction Anaty i 
Twenty one (2 1 )  surface sediment samples were tested by X-ray diffraction techniques for 
mineralogical ident ifications. The X-ray profi les of the samples were identified according 
to their basic  reflections as given in the ASTM cards index . Results of the X-ray analysis 
for the tested sediment samples are summarized in Table 5 .5 .  
Table  5.5 Summary of the X-ray diffraction results for the surface sed iment samples 
Sample 
No. M ajor M ineral (s) Subord inate Mineral (s) M inor M inera l  (s)  
1 Hal ite -- Gypsum 
2 Gypsum, Calcite -- Halite 
3 Hal ite -- Gypsum 
4 Hal ite - - Gypsum 
Calcite, Quartz, 
5 Dolomite, Hal i te Anhydrite --
6 Hal ite -- Dolomite, Quartz 
Plagioclase, Anhydrite, 
7 Calcite, Halite, Quartz Dolomite --
Dolomite, Calci te, 
8 Hal ite - - Quartz, Anhydrite 
Halite Aragonite 
9 Quartz, Dolomite Calcite, Plagioclase Gypsum 
1 0  Gypsum Calcite Aragonite, Halite 
I I  Gypsum, Calcite Halite, Quartz Anhydrite 
Dolomite, Calcite, 
1 2  Aragonite, H al ite Quartz Gypsum, Plagioclase 
Calcite, Hal ite, 
1 3  Aragonite -- Gypsum 
Calcite, Dolomite, 
1 4  Halite, Anhydri te -- Quartz 
1 5  Dolomite, Hal i te -- Calcite, Quartz 
Dolomite, Hal ite, 
1 6  Calcite -- Serpentine 
Calcite, Dolomite, 
1 7  Aragonite, Hal i te P lagioclase, Quartz --
. Gypsum, Serpentine, 
] 8  Calci te, Hal i te Aragonite Plagioc lase 
1 9  Hal i te Dolomite, Calcite Serpentine 
20 Calcite, H al i te Aragonite, Quartz --
Aragonite, Quartz, 
2 ]  Calcite, Dolomite, Habte - - --
82 
The X-ray di ffraction charts of the selected bulk samples (see Appendix B) show the 
various contents of the major minerals of evaporite that are mainly baJ j te with rare 
occurrences of gypsum and anhydrite, carbonate grains (calcite, aragonite and dolomite) 
and quartz. Butler ( I 969) and Saleh et al . ( I  999) reported the same minerals during their 
researches along the Arabian Gulf sabkhas. Figure 5 .4 demonstrates the major m inerals 
for the surface sample ( 1 ). 
1 2 8 8 8  
[ c o u n t s ] 
1 8 8 8 8  
8 8 8 6  
6 8 8 8  
4 8 8 8  
2 8 8 6  




2 8  3 8  4 8  
Figu re 5.4 X -ray profiles of the surface sample ( S  1 )  of the studied area 
Hal i te 
Gypsum 
J. '----
Typical ly ,  any sabkha is  covered with crusts of hal ite and other soluble chloride and 
nitrate minerals formed on the surface in  d ifferent places, with d ifferent thicknesses and at 
d ifferent times throughout the year. Evaporation occurs at, or a few centimeters below, the 
surface where the relative humidity of the gas phase is less than the thermodynamic 
activity of the water. Thus, minerals formed down the surface are not evaporites but are 
thermalites. A thermaJ ite is  herein  defined as a mineral formed by changes in temperature 
independent of other processes tbat alter the thermodynamic properties of the solution 
( Wood et aI . ,  2005). 
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Th nceptual model propo ed for mineral depo ition on most coastaJ sabkha suggests 
that water and solutes are transported upward by capi l lary force from the shal l ow water 
table in response to water evaporating at the surface. The water is removed leaving salts 
that form hal ite and other soluble minerals.  M inerals exmbiting retrograde solubi l i ty, such 
as calcite, dolomite, and gypsum, are precipitated below the surface as a resuJt of 
increasing temperature as the solutes move from the groundwater through the capi l lary 
zone toward the surface d uring the summer months (Wood et al . ,  2005). 
Hal i te occurres intensively in  the detected sediment samples as Figure 5 .4 and Appendix 
(B) how. It is precipitated as the dominant salt on the top surface layer; due to the 
evaporation of brines presented on the sabkha surfaces. It is also precipitated at lower 
levels, which are governed by the upper l imi ts of the capi l l ary movement, above the 
permanent water table.  The hal ite is ephemeral , as it is promptly dissolved by water, 
unless in cases when the hal ite crust is hidden (Kinsman, ] 969; Bush, 1 973).  H al ite wil l  
b e  probably preserved i n  uJtra-dry and restricted sabkhas, provided the terrestrial 
groundwater table  is too low to dissolve it (Al-Amoudi,  1 992). I t  precipitates in dry 
seasons, when the evaporation concentration is maximum, and at night,  at the peak of 
evaporative water loss (Sonnenfeld, 1 984). 
Gypsum (CaS04.2H20) grains are more common in the coastal sabkhas (AJ-Hurban and 
Gharib 2004). It is the principal primary marine suJfate which precipi tates by the aim of 
the removal of carbon dioxide from the brine. The ground water enriched in calcium 
chloride plays a role  in  formi n g  gypsum crusts in  intertidal and supratidal environments. 
Gypsum crystal lization changes both the ionic and isotropic composition of the residual 
brine enriching it with heavy oxygen. The shape of the crystals is a function of pH and 
forei gn cations. Calcium sulfates precipitate above the interface between oxygenated 
surface water and brine ( in the rainy season). They are stable in water saturated with 
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oxygen. Moreover, another cause of precipitation of the gypsum is the oxidation of H2S 
and H2 4 ·  The high gypsum content makes the soi l  have a high moisture holding 
capacity and requires high hydrostatic potential and more time to flush water through 
(Bush ] 973). 
Most of the anhydrite (CaS04) in the coastal sabkha is of secondary origin as Butler 
( 1 969) concluded. There is  no conclusive evidence to suggest that any anhydri te has 
formed by d irect precipi tation. Also, Kinsman ( 1 969) found that gypsum at the surface of 
abkha is dehydrated to anhydrite. 
The major carbonates take place along the Arabian Gulf sabkhas are aragonite, calcite and 
dolomite and thi s carbonate content decreases as the sabkha grades landward as recorded 
by Al i  (2004). Dolomite is bel ieved to be resulted from mixing freshwater with seawater 
in the mixing zone. The existence of these m inerals confirms pervious researcher's 
[mdings in the same area; Evans ( 1 969), Saleh et al . ( 1 999), Alsharhan and Kendal l 
(2002), Rowari et al .  (2003) and Sadooni  et al . (2005). 
Aragoni te (CaC03) was detected in  the X-ray tested samples. Bush ( 1 973) observed that 
aragorute i s  precipitated particularly during the early stages of concentration of the brine 
both within the sabkha sediments and also in its surface, under rapid rate of precipitation 
under aquarium cond itioDS. Aragonite is  the primary cement of the quartzose sabkha, 
especial ly i n  its uppermost parts. Aragonite frequency decreases inland unti l ,  in places, it  
disappears completely, probably as a result of dolomit ization. 
5. 1 3  Petrographic Analysis 
The petrographic i nvestigation was carried out in  order to determine the composition of 
the 1 2  selected sediment samples in the study area; five surface samples from the surface 
along the surveyed line at d ifferent local ities and seven samples at different depths in 
cores. Using the microscopic study of thin sections, the observed minerals are 
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summarized in  Table 5 .6 .  F igure 5 . 5  exhibit the petrograph of the bottom sample BH I ­
..t. )  and the petrographic  diagrams of the rest of the samples are presented in  ppendix ( ) .  
I t  is percept ible from Table 5 .6  that al l ediment samples are main ly consisting of 
auth igenic ( calcite, g psum, and hal ite) and detri tal (quartz) minerals with rare occurrence 
of rock fragments and feldspars (P lagioclase) that are almost simi lar to the X-ray analysis 
resulls .  Wood et al . (2005) ,  Ho ari (2006) and Omar et al. (2006) pro ed simi lar sabkha 's  
fomlat ion in  pen iou  studies on the same area. Morelock and Ramirez (2004) reported 
that terrigenous ediments such a quartz and fel dspars are derived from the erosion of 
coastal areas and are transported over considerable  di stances to their ult imate envi ronment 
of depo il ion. A lso, A l i  (2004) i ndicated that sediments of the coastal sabkha consist 
main l  of  either carbonate mud or  calcareous sands carried up  by  the h igh t ides and 
on hore winds in the first ca e or by offshore winds in the second case. 
H al i te 
� 
GypsL 
F i gu re 5.5 Petrographic analysis of sample B H  1 -4 with magnification 25X 
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The surface sediment is composed mainly of quartz (Si02), 20-55% with sub-angular to 
sub-rounded grains which is probably eol ian input (result of wind act ivity) from the desert 
clastic materials that are windborne from the Arabian Shield to the sabkhas area 
(Alsharhan and Kendal l ,  2003). It was noticed that quartz decreases in its abillldance in 
the eaward direction and with depth in the cores. 
Table 5.6 Summary of the petrographic analysis results 
M inera ls, wt 0/0 
Sam ple Rock Feldspars 
N o. Calcite Quartz Gypsum Halite fragments (plagioclase) 
S I  23 55 8 1 2  1 I 
S2 25 50 1 0  1 2  2 1 
S3 27  48 6 1 7  2 -
S4 23 20 20 36 1 -
S5 1 9  46 1 1  23 1 -
BH l - l  1 2  45 8 25  4 6 
BH l -2 53  25  7 9 2 6 
BH l -3 63 20 5 4 2 6 
BH I -4 60 24 3 3 3 7 
BH l -5 60 20 1 3  - 1 6 
BH l -6 65 23 - 3 4 5 
BH l -7 68 25 1 - 1 5 
Some other m inerals are present in  the surface sediment samples, viz., calcite ( 1 9-27%), 
gypsum (6-20%) and hal ite ( 1 2-36%). Gypsum and hal ite evaporites found in form of 
crystals exist as a thin layer as a result of the strong evaporation of groundwater brines 
under arid conditions. This layer is a few cent imeters in thickness but can extend as 
interstit ial salts cement the lower layers (Sabtan and Shehata, 2003). Saleh et al . ( 1 999), 
Al-Harbi et &1 . (2006) and H owari (2006) found the same formation for evaporates grains. 
In addition to that, it was observed that the abundance of gypsum decreases rapidly with 
depth and this i s  be consistent with what Saleh et a1 . ( 1 999) reached. Rock fragments was 
found in  low quantity and was mostly i gneous and metamorphic ( 1 -2%). They are 
probably derived from the ca1cretic hi l ls,  which are dominant in the Southern desert area. 
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I n  the vertical section of the sediment samples very fine to gravely size calcite ( 1 2-68%) 
was the dominant cons6tuent in most samples in the form of grains and cement. The same 
observation was made by Emery ( 1 956), Saleh et al . ( 1 999), Sadoom et al .  (2005)  and AJ­
Harbi et  al . (2006). Calcite (CaC03) is derived either from the disintegration of the 
keletal grains including the algal mats or from direct precipita60n from seawater in the 
shal low tidal flats (Friedman, 1 97 1 ). It was noticed that calcite content increases in the 
same cores both seaward and with depth . Small percentage of hal ite (0-25%) existed in 
the vertical section of the samples. This is  due to that surfaces of any ver6cal section in 
sabkhas are capped by salty crust which decreases with the depth as reached by AJ­
H urban and Gharib (2004). Feldspars, which were mostly plagioclase, were also found 
with alteration (5-7%) with sub-rounded to rounded grains and decreased in i ts abundance 
seaward direction. 
5. 1 .4 Carbonate Content 
The carbonate content analysis was carried out for both surface (6 samples) and bottom 
( 1 4  samples) sediments; for characterization the sediments of the study area as shown in 
Table 5 .7 .  
The results obtained from Table 5 .7 showed high percentage of carbonate content from 
the total wei ght for the sediments. The organic  carbon (C) reacts with dissolved oxygen in 
wet sediments and reduces the present amount of oxygen. Carbonate content of the 
studied samples ranged from 47.5 to 9 1  % which reflect more marine input to these 
sediments that almost came from the sea. Figure 5 .6  reveals the results graphical ly.  
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Sam Ie No. Depth  (m) Ca rbo o a te% 
S l  surface 60. 5  - -
, 2  surface 67.5 
, 3 surface 84.3 
'4 
- f---
surface 47.5 - �-
'5  smface 6 1 .0  
S6 
-1-
surface 9 1 .0 1-
8 I 1 1 - 1 0-0.45 65 .3  -
B I I 1 -2 1 - 1 .45 69. 1 -- ---
B1 I 1 -3 2-2.45 65 . 1  -
B I I I -4 3-3 .45 64. 7  
B H l -5 4-4.45 65 .9 
B H I -6 5-5 .45 64.9 
B H l -7 6-6.45 66.0 
B H2- 1 0-0.45 67 .4 
B H2-2 1 - l .45 89.2 
B H2-3 2-2.45 7 1 .9 
1---- B H2-4 3-3 .45 69.0 
BH2-5 4-4.45 6 1 . 8 I--
B H2-6 5-5 .45 67. 1 
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Figu re 5.6 Carbonate content of the studied sediment sa
mples 
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5. 1 .5 , a l t  ry ta l  
' r  he s ix  surface samples were dissol ed in  dist i l led ater in order to evaporate natural l)  at 
room temperature .  A fter t\\O days and total evaporat ion, the resulting minerals of al l 
samples that were observed under the microsc pe showed isometric cr stal structure, 
\" hich was the hal ite (Na I )  min ral . Hal i te has a cubi shape structure as demonstrated in  
foigure 5 . 7  in a s l ide and in  F igure 5 .8  under the micro cope. 
Figu re 5.7 Hali te m ineral of sample S6 in a sl ide 
Figu re 5.8 Hal i te mineral of sample S6 under a microscope with magn i fication 250X and 
400X 
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The salt crystals'  analysis pr ed that the stud area of the Abu Dhabi sabkhas have l arae b 
percentage f the hal i te mineral that appeared by this simple analysis. The pre ence of 
hal ite with this h igh percentage encourages crysta l l izi ng solar salts orland bui lding of 
SGSP in this area. as this research early suggests. 
S.2 W A T E R  C H A R  CTERI ZAT ION 
\\ ater samples that are needed t o  achieve the d ifferent tests were measured in the field:  to 
analyze physical l y  at d i fferent times ( February. Apri l and August 2008) and from 
d ifferent sites of the study area along Abu Dhabi coast, which extends from Al Mafraq-Al 
i l 'a highv .. ay. near the ate l l i tes Stat ion t i l l  Kbor A I -Bazem and AI-Dhabeia area; (85  
from Abu Dhabi .  2 5 5  km from S i l  a ,  1 0  km on DY 1 7  Side Street). I n  addition to  that. 
water ample was col l ected from the study area on September 2008 and analyzed i ts 
minerals (cat ions and anions) chemical ly .  
5.2. 1 Physical Properties of Water Samples 
To test the avai labi l ity of appearance for both natural sal i rr i ty gradients and thermal 
strati fication of sabkhas' water, water samples from different si tes of the study area along 
Abu Dhabi coast were tested for their physical propert ies in the field (pH, temp. ,  E.C., 
TD . color. odor) at d i fferent t imes (February, Apri l and August, 2008) .  Tables 5 . 8, 5 .9 
and 5 . 1 0  show the obtained results. The sampl ing s i te is  shown i n  Figure 5 .9 in  August 
Table 5 . 8  presents measurements done on February 16th, 2008 for six different lagoon 
stations that were far from the shore from 5 to 1 0 m and the a ir  temperature was measured 
to be ranges 20-23°C. Measurements of the stations were taken on surface and d ifferent 
depths (surface to 1 .2 m) .  I t  was found that the area of the study is weakly alkal i ne with 
an a\ erage p H  of 8. B ut ler (1969) and Alsharhan and Kendal l (2003) recorded very 
simi l ar p H  i n  the same area. 
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F ig u re 5.9 Sampl ing site as 0[ 3 0/8/2008 
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Table 5.8 Physical rt f the stud 
. 
the diffi - - - - - _._ - - - - - - - - -tat" 1 6/2/2008 - - - --- ---- ---- ... ,....-� ---- - 20-23°C and 5- 1 0  m fl h -
Station Coord inates North East Time Depth pH  Temp E.C. TDS Color Odor Remarks 
(m, m) (am) (m) (oC) (mS/em) (ppm) 
1 (0, 0) 24 :08 :48  54 :04 : 59 09 :30 Surface 8 . 0  1 9 . 7  80 .5  55 ,800 c.L .  O.L .  Low tides 
0 .5  8 . 0  1 9 . 1  85 . 2  54,400 
2 (0, 1 500) 24 :09 :  1 2  54 :04 :46 09:45 Surface 8 . 1 20. 1 7 1 . 1  48,500 Not clear O.L .  H igh tides . 
0 .7  8 . 1  1 9 .9  7 1 . 1  48 ,500 
3 (0,3000) 24 :09 : 3 5  54 :04 :  1 8  1 0 :00 Surface 8 . 1  20 .0  70 .8  48,200 C . L . O.L.  High tides 
1 .2 8 . 1 1 9 . 8  70 . 8  48,200 
4 (200, 3000) 24 :09 : 3 5  54 :04 :  1 8  1 0 : 1 5  Surface 8 . 1 1 9 .8  7 l . 5 48,700 C . L . O.L.  Low tides 
0 . 5  8 . 1 1 9 . 5  7 1 . 8 49,000 
5 (25 , 1 500) 24:09 :  1 2  54 :04 :46 1 0 : 30  Surface 8 . 1 1 9 . 5  72 .8  49,800 C . L .  O . L .  Low tides 
0 .5  8 . 1 1 9 . 3  73 .2 49,800 
6 (25 , 0) 24 :08 :48 54 :04 : 59  1 1  :00 Surface 8 .0  2 1 . 7 1 2 1  94,200 Yellowish H2S smell Calm and 
& 0.2 algae sediment shal low 
large area 
C .  L. = colorless, O .  L .  = odorless. 
hysical [ the stud 
. 
he d iffi y area in t 1 0/4/2008 --".t"' - - - - - 29.5-30 .5°C and 1 - 1 0  rn from shore 
Station Coordinates Time Depth p H  Temp E.C. TDS Color Odor Remarks 
(m, m) (pm) (m) (OC) (mS/em) (ppm) 
1 (0, 0) -- -- -- -- -- -- -- -- No water 
2 (0, 1 500) 1 4 :20 0 . 5  7 . 8  3 1 . 1 1 27 78,600 clear O.L.  H igh tides, windy 
3 (0,3000) 1 5 :00 0 .5 8 .0 27 .2 74.9 52,200 clear O.L .  H igh tides, windy 
New (50, 3000) 1 5 : 30  1 .0 8 . 1 28 .4 75 .5  52,800 turbid O.L .  H igh tides, windy 
4 (200, 3000) 1 4 :40 0 . 5  7 .9 30 .4 87 .7  63, 1 00 clear O . L. Low tides 
5 (25 , 1 500) 1 5 :20 0.5 8 . 1 29 .9 78 . 1 55 ,000 clear O.L.  Low tides 
6 (25 , 0) 1 5 :40 0 . 5  8 . 2  3 1 . 5 97 .2 69,800 clear Fishy smel l  Shallow l arge area 
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Table 5. 1 0  Physical pro pe rties of the stud . the d i fferent 30/8/ 2008 -- - -- "1"'-- - - - - - 34-3 7°C and I - 1 0 m fr .' -- ore 
Station Coord inates Time (am) Depth (m) pH Temp eC) E.C. (mS/em) TDS (ppm) Color Odor Remarks 
(m, m) 
1 (0, 0) -- - - - - -- - - -- -- -- No water 
2 (0, 1 500) -- - - -- - - -- -- -- - - No water 
3 (0, 3 000) 09: 1 5  0 . 5  8 . 2  30 .3  80 .8 57,200 clear O.L .  Low tide 
New (50, 3000) 09 :30  0 . 5  8 .0  3 3 . 7  75 .4 53 , 1 00 clear O.L .  Low tide 
4 (200, 3000) 09:40 0 .5  7 . 7  32 .9 75 .9 53 ,3 00 clear O.L .  Low tide 
5 (25, 2000) 1 0 :00 0 . 5  7 .9 30 .9 80 .9 57,400 clear O.L.  Low tide 
New* (25, 1 000) 1 0 : 1 5  0 . 5  8 . 1 34 .7  1 03 . 5  80,200 Yellowish Algae Low tide 
6 (25 , 0) 1 0 : 30  0 . 5  8 .4  36 . 6  1 1 0 . 5  86,600 Yellowish Algae Low tide , 
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The temperature at depth of 0.5 m of station 1 was the lowest with 1 9. 1 °C ;  whi le in  stat ion 6 
wa the highest with 2 1 .7°C. Alsharhan and Kendal l (2003) reported that water temperatures 
of the Arabian Gulf tend to increase away from i ts entrance, particularly in the shallow coastal 
areas and lagoons. Water temperatures vary from 23 to 24°C in the near-shore to 22-36°C in 
the inner lagoon. Local ly, these can reach as high as 40°C in summer and as low as 1 5°C in 
winter. 
Butler ( 1 969) recorded that temperature within 0.5 inches of Abu Dhabi sabkha surface show 
a dai ly range of 1 8-53°C (February to Apri l 1 964). The low values of temperatures in the 
inve tigated area is similar to Butler ( 1 969) and related to the time of the investigation that 
was in February where the average temperature was 2 1 . l oC as mentioned before in Table 3 .2 
of Chapter 3 .  
The total dissolved solids (TDS), which is  an indicator of the salinity, was also measured and 
it reached 94 .2%0 in station 6. This may be due to the nature of this station which i s  a calm 
area with control water (mostly isolated) and the temperature was relatively high compared to 
other stations as mentioned above. The rest of the stations have less TDS and this may be due 
to the occurrence of the tides either high or low and mix ing with the open sea. Purser and 
Seibold ( 1 973) reported that due to the low precipitation and high evaporation rates coupled 
with the restricted nature of the Arabian Gulf, the sal inity ranges from 37 to 40%0 in the outer 
shelf areas and from 40 to 50%0 in the inner shelf areas, to a range of 60 to 70%0 in the very 
restricted lagoons. The sal inity of the sabkha brines generally increases towards the shore and 
increases sharply with depth indicating both intermix ing with surface fresh water and salt­
water intrusion (Sabtan and Shehata, 2003). Teller et al. (2000) indicated that the average 
salinity of the Arabian Gulf is 37-40%0, which i s  rugh relative to the ocean because of the high 
evaporative rate over this restricted basin; values of 40-50%0 or higher are reached in shal low 
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water along the coast. Also, Alsharhan and Kendall (2003) reported that the shallow 
area orf the A coa t have alinities that average 40-50%0 whi le the lagoonal areas and 
embayment an average from 60-70%0. In addi tion to that AI-Farraj ( 2005) found salinity in 
di fferent lago ns in AE along the Arabian Gulf ranges between 3 6.4%0 in Khor Ras AI 
Khaimah and 5 1  %0 in AI Midfaq and AI Jazirah AI  l Iarnrah. The obtained result of the salini ty 
(TD ) in the inve tigated area (48.2-94.2%0) showed relative ly  higher values than those 
me ured earlier in  perviou tudies in the arne area. 
The electri cal conductivi ty (E. .) varied between 70.8 (m /cm) in station 3 to ] 2 ]  (mS/cm) in 
tation 6. The ob iou Iy  highest value of the conductivity was found in station 6; due to the 
higher alinity of the lagoonal water in  thi s station. tations ] ,  3 4 and 5 were colorless whi le 
tation 2 was not clear; due to the high tides and station 6 was yellowish as a result of  existing 
algae. All tations were odorless except station 6 which had the smell of H2S gas due to 
presence of algae on the surface of i ts sediment. 
The ame tations again with addi tional new one, were tested on Apri l, 2008, Table 5 .9, that 
were far from the shore from I to 1 0 m and the air temperature was measured to be ranges 
29.5-30.5°C. A new sampling station was added because station ] was found dry with no 
water. Measurements of the stations were taken at depths of 0.5 - ] .0 m. According to the 
measured pH values, the analyzed water of all studied stations tends to be weaJdy alkaline; 
(PH- 8). The temperature was lowest ( 27.2°C) at station 3 and highest (3 1.5°C) at station 6. I t  
was observed that values of  temperature in  Table 5.9 are higher than that in Table 5 .8 because 
of time of the i rrvestigation; Apri l i s  warmer than February. 
The IDS ranged from 52.20/00 in  station 3 to 78.6%0 in  station 2 and both of these two stations 
have the same conditions; hi gh tides and windy area . tation 6 which was the highest in ID 
in Febru ary was less in April; may be because the area was having some ti des at that time. 
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inee station 2 has the highest content of IDS, it has the highest e lectrical  conductiv ity ( 1 27 
m /em)  and the opposite is true for station 3 (74.9 mS/cm). It was noti ced that the sal in ity 
increases in a l l  stations in Apri l compared to that in February as a resul t  of the rising the 
temperature which leads to the increase of the e lectrical conductivity as wel l .  
A l l  stations were colorless (c lear) except the new stat ion which was turb id .  A J I  stat ions were 
odorles except stat ion 6 which had a fishy sme l l .  
On August 2008 the same stations wh ich were tested o n  Apri l ,  with additional new one 
(Ne\ * ), were tested again ;  Table 5 . 1 0, that were far from the shore from 1 to 1 0 m and the air 
temperature was measured to be ranges 34-37°C. 10  this month , stat ion 2 bad no water and the 
new stat ion was added to substitute that. A l l  stations had tbe same depth (0.5 m). 
Measurements of the pH values for a J l  stations ranged 7.7 to 8 .4 which l ikely to be weakly  
alkal ine' (PH- 8)  as  found in pervious tests in both February and A pri l .  The lowest 
temperature was 30 .3°C at station 3 and the highest was 36.6°C at station 6. Values of 
temperature i n  August in general are h i gher than that measured in  February and Apri l .  
The TDS ranged from 5 3 . 1 %0 in  stat ion (New) to 86.6%0 in stat ion 6 .  Station 6 was h igher in 
TDS in  February than in A ugust· this i s  may be due to the presence of some low t ides in the 
area at that t ime.  The e lectrical conduct iv i ty (E. C.) is corresponding wi th the IDS content 
which led to have station (New) the lowest value in E. C.  of 75.4 (mS/cm); whi le station 6 
have the h ighest value of ] 1 0.5  (mS/cm). I t  was detected that the increasing in  temperature in 
A ugust was the reason in  i ncreasing both the sal in i ty and the electrical conductivity in al l 
stat ions. 
At time of tests, al l stations had some low tide and all were colorless (c lear) except the new 
station (New*)  and stati on 6 which were yel lowish. A l so, al l stations were odorless except the 
new stat ion (New*)  and stat ion 6 which have algae smel l .  
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From the pervious results it is obvious that the rise in  both temperature and sal in ity i ndicate a 
po sible natural sal in ity gradient occurred in the invest igation area. It was noticed that sal inity 
parameter increa ed sharply with the increase temperature rise and evaporation rate and the 
opposite is true with the presence or increase wind speed and tides movement. Additional ly, 
increase relative humid i ty and precipitation rate can effect negatively on sal in ity. Sadooni et 
a J .  (2005) reported that Abu Dhabi coastal sabkhas are characterized with the abundance of 
alts, especia l ly hal ite, and evaporite m inerals. These conditions are favorable to construct 
alin ity Gradient Solar Ponds (SGSPs). 
5.2.2 Chemical Analysis of Water Sample 
The water sample was col lected from station 6 on September, 1 2, 2008 and analyzed 
chemical ly  on September, 1 4, 2008 for the ir  major cations (Na, Ca, Mg, K, Sr, Ba and B) 
using I nductively Coupled P lasma-Atomic Emission Spectrometry (lCP-AES) Instrument; 
model (SOP-SP-ICP-02) and major an ions (CI ,  Br, S04 and CO) using Ion Chromatography 
system ( lCS-90)· model (SOP-CH- IC-OO l ), Table 5 . 1 1 .  
Table 5. 1 1  emIca analYSI S 0 wate Ch . ] I . f r sample col lected from station 6 of the study area 
Ions Concentration (ppm) 
Na+ 40926.9 
CaL+ ] 3 1 8 .3  
MgL+ 4683.2 
K
+ ] 969.8 
S?+ 9.49 
BaL+ 0.023 
B+ 8. ] 0 
. 
cr 76530 
S04- 1 0020 
B( 250 
C03- 1 43 
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he average measured concentration of sodium (Na l in sample was 40,926.9 (ppm), whereas 
the average values of sod ium in the Arabian Gulf coastal water is 20 650 (ppm) as reported by 
Ibrah im and J ibri l (2005). The water sample col lected from the supratidal flat of Abu Dhabi 
sabkha has an average sodium concentrat ion approximately double than that present in the 
Arabian Gulf The increase of sod ium concentration in the water of sabkha is accompanied by 
an increase in the concentration of ch loride due to formation of hal ite salt (NaCI). 
The average concentrat ions of calcium (Ca2l and magnesium (Mg2l ions were ] ,3 1 8.3 and 
4 683 .2  (ppm) respectively. Ibrah im and J ibri l (2005) observed that the average concentrations 
of calcium and magnesium were 420 and 1 ,550  (ppm) respectively in the Arabian Gulf  water 
wh i le Biddah and N azmy (2005) noticed that the average concentration of calc ium and 
magnesium along Abu Dhab i ' s  coast respect ively were 438 and 1 ,509 (ppm) which are very 
low compared to the obtained result . I ncreasing concentrat ions of magnesium and calcium 
ions can be equated to the low precipitation of aragonite and gypsum and to low 
dolomitizat ion ( Butler, 1 969). Additional ly, Sabtan and Shehata (2003) reported that salt 
concentrat ions show a general increase toward the sea except for the calcium that shows a 
landward increase. Furthermore, and according to Al-Harbi et aL (2006), sabkha basin 
experienced frequent variation in the water depth . In the past, there had been times when the 
water layer was rather deep and t imes when it was almost tota l ly dry.  This is a favorable 
condition for the h igh concentrat ion of sulphate, calcium, and magnesium ions. 
The average concentration of potassi um (Kl in the adjacent Arabian Gulf is 660 (ppm) 
( Ibrahim and J ibri l ,  2005) .  I ts average concentration in the investigated area was 1 969.8 
(ppm), wh ich is double than its average concentration in  the Arabian Gu lf  water. Davis and 
Dewiest ( 1 966) reported that there are d ifferent natural processes wh ich can remove potassium 
ions from the water (e.g. sorpt ion, ion exchange, precipitat ion during evaporat ion). These 
99 
pr e e rna are not pre ent or have negl igible affect in the water of the stud ied sabkhas and 
that defined its h igh content (Davis and Dewiest, 1 966). The other cations analyzed for include 
tr ntium ( r2 , barium (Ba2 and boron (B) showed very low average concentrations 
compared to the other cation ( ee Table 5 . 1 1 ) . 
F r the anal zed an ions the water sample col lected from the stud ied area has an average 
h loride ( r) concentration of 76 530 (ppm) much h igher than its average concentration in the 
rabian u l f  water 35 000 (ppm), as mentioned by Ibrah im and J ibri l (2005). M oreover 
Biddah and Nazm (2005) measured the concentrat ion of chloride salt along Abu Dhabi s 
oast and found to be ) 6,702 (ppm) wh ich is again lower than the obtained resu lt . Th is 
obtained high value may be due to the h igh rate of evaporation . High evaporation in the 
uprat idal flat precipitates the hal i te and increases the concentration of both sod ium and 
chloride ions in the brines (Patterson and Kinsman, ) 982). Chlorin ity increases with depth 
aero the 2 to 3 m i le wide belt of abkha just in land from the lagoon margin and decreases 
ith depth aero the outer flood recharge zone. The brines in the outer flood recharge zone 
are aturated with respect to sod ium ch loride (A l i  2004) .  Abu Dhabi coastal sabkha system is 
open for sodium and chloride where nearly ha lf  of the input is lost, but closed for sulfur, 
where nearly ] 00% is retained . abkhas' envi ronment is rich in  chloride and poor in  sul fate 
(W ood et al . 2005). 
Ii (2004) ind icated that the lateral and vertical d istribution of the sul fate (S04 -) in  the brines 
across the sabkha is sim i l ar to that of the chlorin ity. Su lfate increases from 3,200 to 3,900 
(ppm) in the lagoon to a max imum of about 1 6,000 (ppm) at the landward margin of the inner 
flood recharge zone, and then decrease rapid ly to less than 1 000 (ppm) in  the outer flood 
recharge zone. Across a large portion of  this zone, sul fate remains constant with in values of 
about 500 (ppm). Su l fate concentration increases to more than 2,000 (ppm) across the h igh 
] 00 
uprat idal zone and probably reaches alues in excess of 4400 (ppm). The average 
concentrati n of ulphate ( 4 -) in the tudied area was 1 0,020 (ppm), which is much higher 
than it average concentration in the adjacent Arabian Gulf (3 300 ppm) as reported by Abdel­
al et al . ( J  997). Also, Biddah and Nazmy (2005) measured the concentrat ion of su l fate along 
bu Dhabi '  coa t and found to be 2 2 1 1 (ppm) which is again lower than the obtained result . 
Th i h igh conc ntrat ion of sulphate ion is probably due to the low dolomitization (Baum et al . 
I 85) .  The other an ion analyzed for include bromine (B() 250 ppm and carbonate (C03-) 
1 43 ppm, which are con idered relat ively low concentrations ( ee Table 5 . 1 1 ) . 
The hydrochem ical results of the analyzed water ind icate that it is charged with Na + and cr 
and i t  is chloride dominated type. This  g ives an ind ication that the stud ied area has reasonable 
amount of hal ite m ineral wh ich is necessary to assemble a natural sal in ity grad ient. The 
pre ented resu lt here can be considered as cursors that the c l imatic and geochemical settings 
of Abu Dhabi coast are su itable for the construction of natural SGSPs. 
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CHAPTER 6 
CON C LU SION A N D  RECOM M EN DATION S 
6.1 ONCLUSION 
The nited Arab Emirate is among the mo t arid places on earth with only few m i l l imeters of 
rain annual l . The coastal area of the country i formed of a series of shal low lagoons and 
e tuarie urrounded by large flat salt-encrusted sabkhas and have the unique i nvestment 
pportunities pre en ted by the presence of alt (NaCI). The presence of such shaJ low sal ine 
water bod ies under extremely arid cl imatic cond it ions make them suitable for the producing 
olar alts and/or the generation of clean energy using solar ponds. Favorable conditions of 
olar alt indu tries and al in ity Gradient o lar Ponds (SG Ps) are avai lable in the UAE such 
a ; high solar rad iation, h igh evaporation rates, h i gh water sal in i ty in the coastal and lagoonal 
water and existing natural salt crusts that are not ut i l ized or developed. 
The en i ronmental geochemical conditions of the study area, Abu Dhabi 's  sabkhas, were 
studied. A comparison of the geologic and c l imatic conditions of this region with E l  Paso, 
Texas U A where there i s  a wel l -establ ished SGPS technology was done to support this 
notion. The ambient temperatures for the two locat ions are comparable but it is h igher in Abu 
Dhabi . Moreover solar rad iation in  Abu Dhabi is found to be h igh during around 8 months of 
the year. Dark algal materials l in ing these lagoons also contributed to the h igh sea water 
temperature which is around 43°C. Resul tant data suggest that Abu Dhabi has h igher 
potential ity for GPS. Cost analyses of a wide range of  options indicated that the production 
of electricity and the use of such energy are promote and economically feasi ble. 
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I 0, the advantage and d isadvantages of crysta l l izing salts from the ponds and harvest ing 
the already cry ta l l ized crusts "natural alt crust ' were compared. The comparison criterion 
wa included environmental  and economical factors beside the sustainabi l i ty of production. 
L iterature review of the existing scient i fic reports and data sources was conducted to establ ish 
tr nd , ind icator and cond itions. Furthermore the review focused on the appl ication of solar 
pond either as alt pr ducers or heat generators as they are found in some parts of the world .  
Based on the e perimental work conducted in  th is  investigation for sediments and water 
ample , abundance of hal ite was recorded by d ifferent tests (X-ray, petrography, salts 
cry tal ). Presence of l arge quantity of hal ite encourages crysta l l izing solar salts and/or 
bu i lding of G P as this research work suggested. 
Additionally natural a l in ity grad ient and thermal strati fication of sabkha's water necessary 
for olar pond was ob erved during tested months. According to results of the chemical 
analysi , the water was characterized by its h igh concentrations of sodium chloride salts 
(hal ite). 
As a final resu lt, a c lear fact can be out l ined that Abu Dhabi coasts have favorable condition to 
crystal l ize solar salt and/or bu i ld  up natural sal in ity grad ient. Crysta l l izing solar salt is a good 
opportunity for UAE to be sel f-sufficient of salt and visible in the global map in salt exporting. 
a l in ity Gradient olar ponds (SGSPs) technology is expected to have several econom ical and 
envi ronmental advantageous returns on the UAE. The most signi ficant return is convert ing 
non-renewable fuel dependency into environmental ly friendly renewable fuel . 
6.2 RECOM ME NDATIONS 
The recommendations out l ined from th i s  study can be summarized in the fol lowing: 
1 03 
• Covering a wide range of sabkhas areas, costal and in land, presented in whole UAE; to 
have to further knowledge of the absolutely values of the existed hal ite necessary for 
both solar salt and SG Ps technology. Investigate new areas wi l l  offer new lands to 
apply this research work on them. Accessibi l ity issues time constraints, and sabkha's 
water dryness al l contributed to the choice of sites for this study. 
• Doing more field research and ongoing monitoring for long period as year for 
example; in order to refine the sabkha's characteristics to improve long-term oversight 
trategies. A better sense of the seasonal variations exists during more tests and longer 
time. Due to the t ime l im itation, variations due to temperatures, rainfal l  and other 
seasonal changes were not adequately  represented by this study. Seasonal 
measurements wi l l  provide a more complete picture of the invest igated area's 
cond it ions. 
• Establ ishing an artificial sal i ni ty gradient solar pond and starting an ongoing salt pond 
measurement program; to observe crysta l l i zing the salt and test the occurrence of the 
gradient. An art ificial pond wi l l  extend the data sets and increase the statistical 
accuracy of  the results. 
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APPENDIX (A) 
COST ANALYSIS 
ceoa rio # I :  One Varia ble 
First: Solar rad iat ion is changing wh i le l and cost and un i t  salt cost are constant.  
Ta ble A. I Cost production and econom ic analysis of Abu Dhabi sabkha us ing annual  average 
1 d '  f 6 058  (kWh! 2 d )  I 40 ($/ ) d I d 5 000 ($/H so ar ra la Ion m . ay at sa t cost ton an an cost , a) 
Pond Size (l:Ia) 
olar Pond Costs 1 5 1 0  20 30 40 
Land cost (S/I -Ia) 5.000 5,000 5,000 5,000 5,000 5,000 
Land clearing co t (Sn la) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike height ( m) 4.5 4.5 4.5 4.5 4.5 4 .5 
Unit area capital cost (S/I-Ia) 98,968 98,968 98,968 98,968 98,968 98,968 
ubtotal capital cost ($) 98 968 494,84 1 989,683 1 ,979,365 2,969,048 3,958,730 
Solar pond instrumentation (S) 4 1 ,2 50 46,250 52,500 65,000 77,500 90,000 
Salt ( tons) 8,000 40,000 80,000 1 60,000 240,00  320,000 
Unit salt cost (S/ton) 40 40 40 40 40 40 
Total salt cost (S) 320,000 1 ,600,000 3,200,000 6 400,000 9,600,000 1 2,800,000 
Solar Rad iat ion (kWhlm2.day) 6.058 6.058 6.058 6.058 6.058 6.058 
Tbermal Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total  Capita l Cost ($) 460,2 1 8  2, 1 4 1 ,09 1 4,242, 1 83 8,444,365 1 2,646,548 1 6,848,730 
I nt erest Rate for Capital Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Depreciat ion (yr) 25 25 25 25 25 25 
A n n ualized Cost ($/yr) 36,00 1 1 67.491  33 1 ,852 660,575 989,298 1 ,3 1 8,02 1 
Main tenance ($/yr) 3 600 1 5,074 26,548 46,240 59,358 65,901 
Tota l  Annual  Cost ($/yr) 39,601 1 82 565 358,400 706,8 1 5  1 ,048,656 1 ,383,922 
Beat Production (GJ/yr) 1 1 , 1 44 5 5.72 1 1 1 1 ,443 222,886 334,329 445,772 
Beat Cost ($/GJ) 3.55 3 .28  3.22 3. 1 7  3. 1 4  3 . 1 0  
1 1 4 
Ta ble A.2 Co t product ion and econom ic  analysis of Abu Dhabi sabkha us ing m i n i m u m  solar 
rad iat ion 3 .780 ( k W hlm2.day) at sa l t  cost 40 ($/ton) and land cost 5 000 ($/Ha) , 
Pond Size (Ha) 
olar Pond o ts 1 5 1 0 20 30 40 
Land cost ($lI1a) 5,000 5,000 5,000 5,000 5,000 5,000 
Land clearing cost ($lBa) 2 500 2,500 2,500 2,500 2,500 2,500 
Dike height ( m) 4.5 4.5 4.5 4.5 4 .5 4.5 
nit area capital cost ($lI1a) 98,968 98,968 98,968 98,968 98,968 98,968 
ubtotal capi tal cost ($) 98,968 494,84 I 989,683 1 ,979,365 2,969,048 3,958,730 
01& pond instnnnentation ($) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
alt (tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
Unit salt cost ($/ton) 40 40 40 40 40 40 
Total salt cost ($) 320,000 1 ,600,000 3,200,000 6,400,000 9,600,000 1 2,800,000 
Solar Radiation (kW hJm2.day) 3.78 3.78 3.78 3.78 3.78 3.78 
Tber-ma l  Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total Capita l Cost ($) 460,2 1 8  2, 1 4 1 ,09 1 4,242, 1 83 8,444,365 1 2,646,548 1 6,848,730 
I nterest Rate for Capita l Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Depreciation (yr) 25 25  25 25 25 25 
Annualized Cost ($lyr) 36,00 1 1 67,49 1 33 1 ,852 660,575 989,298 1 ,3 1 8,02 1 
Ma intenance ($/yr) 3,600 1 5,074 26,548 46,240 59,358 65,90 1 
Total An nual Cost ($/yr) 39,60 1 1 82,565 358,400 706,8 1 5  1 ,048,656 1 ,383,922 
Heat Production (GJlyr) 6,954 34,768 69,537 1 39,074 208,6 1 1 278, 148  
l 1 eat Cost (SIGJ) 5.70 5.25 5. 1 5  5.08 5 .03 4.98 
Ta ble A.3 Cost product ion and econom ic analysis of A b u  Dhabi sabkha us ing max i m um solar 
rad iat ion 7 .908 ( k W hlm
2.day) at sa l t  cost 40 ($/ton) and l and cost 5,000 ($lHa) 
Pond Size (Ha) 
Solar Pond Costs J 5 1 0  20 30 40 
Land cost ($lBa) 5,000 5,000 5,000 5,000 5,000 5,000 
Land clearing cost ($lHa) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike height ( m) 4.5 4.5 4.5 4.5 4.5 4.5 
nit area  capital cost ($lHa) 98,968 98,968 98,968 98,968 98,968 98,968 
Subtotal capital cost ($) 98,968 494,84 1 989,683 1 ,979,365 2,969,048 3,958,730 
01& pond instnunentation ($) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
alt (tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
nit salt cost ($/too) 40 40 40 40 40 40 
Total salt cost ($) 320,000 1 ,600,000 3,200,000 6,400,000 9,600,000 1 2,800,000 
Solar  Radia t ion (kW hlm2.day) 7.908 7.908 7.908 7.908 7.908 7.908 
Tberma l Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Tota l Capita l Cost ($) 460,2 1 8  2, 1 4 1 ,09 1 4,242, 1 83 8,444,365 1 2,646,548 1 6,848,730 
J nterest Rate for Capital Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Deprecia tion (yr). 25 25 25 25 25 25 
A n n ualized Cost ($/yr) 36,00 1 1 67,49 1 33 1 ,852 660,575 989,298 1 ,3 1 8,02 1 
M aintenance ($/yr) 3,600 1 5,074 26,548 46,240 59,358 65,90 1 
Tota l  A nnual  Cost ($/yr) 39,60 1 1 82,565 358,400 706,8 1 5  1 ,048,656 1 ,383,922 
Heat Production (GJ/yr) 1 4,548 72,738 1 45,476 290,95 1 436,427 5 8 1 ,902 
H eat  Cost ($/GJ) 2.72 2.5 1 2.46 2.43 2.40 2 .38 
1 1 5 
Ta ble A.4 o t production and economic ana lys is  of  Abu Dhabi  sabkha us ing solar rad iation 
3 900 (k Wh! 2 d ) J 40 ($/ ) d J d d J unng anuary 
ola r Pond CoslS 
Land cost ($n-Ja) 
Land c1eanng cost ($/l Ja) 
Dike helghl (m) 
Unit area capital cost ($/lla) 
ubtotal cap.ital cosl ($) 
olar pond instrumentation ($) 
all (Ions) 
Unit sal! ost ($/100) 
Total salt cost ($) 
Sola r Radiat ion (kWhlml.day) 
Thermal Efficiency 
Total Capita l Cost ($) 
In terest Rate for Capital Cost 
Deprecia tion (yr) 
-.Annualized Cost ($/yrl 
Maintenance ($/yr) 
Total A nnual  Cost ($/yr) 
Heat Production (GJ/yr) 
Heat Cost-.L$/G}) 
m . ay, at sa t cost 
Pond Size (Ha) 
I 5 1 0  
5,000 5,000 5,000 
2,500 2,500 2,500 
4.5 4 .5 4 .5 
98,968 98,968 98,968 
98,968 494,84 1 989 683 
4 1 ,250 46,250 52,500 
8,000 40,000 80,000 
40 40 40 
320,000 1 ,600,000 3,200,000 
3.900 3.900 3.900 
0. 1 4  0. 1 4  0. 1 4  
460,2 1 8  2, 1 4 1 ,09 1 4,242, 1 83 
0.06 0.06 0.06 
25 25 25 
36,00 ] / 67,49 / 33 1 ,852 
3,600 1 5,074 26,548 
39,60J 1 82,565 358,400 
7, 1 74 35,872 7 1 ,744 
5.5 1 5.09 5.00 
ton an an cost 5 ,000 ($lHa) 
20 30 40 
5,000 5,000 5,000 
2,500 2,500 2,500 
4.5 4.5 4 .5 
98,968 98,968 98,968 
1 ,979,365 2,969,048 3,958,730 
65 000 77,500 90,000 
1 60,000 240,000 320,000 
40 40 40 
6,400,000 9,600,000 1 2,800,000 
3.900 3.900 3.900 
0. 1 4  0. 1 4  0. 1 4  
8,444,365 1 2,646,548 1 6,848,730 
0.06 0.06 0.06 
25 25 25 
660,575 989,298 1 ,3 I 8,02 1 
46,240 59,358 65,90 1 
706,8 J 5  1 ,048,656 / ,383,922 
1 43,489 2 1 5 233 286 978 
4.93 4.87 4.82 
Table A.S Cost product ion and economic  analysis of Abu Dhabi sabkha us ing solar rad iation 
dur ing February 5 .5 82 (kW h!m2 .day) at sa l t  cost 40 ($/ton) and l and cost 5 ,000 ($/Ha) 
Pond Size (Ha) 
ola r Pond COSlS 1 5 ] 0  20 30 40 
Land cost ($n-Ja) 5,000 5,000 5,000 5,000 5,000 5,000 
Land clearing cosl ($n-Ja) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike height (m) 4 .5 4 .5 4.5 4.5 4.5 4.5 
Unit area capital cost ($n-Ja) 98,968 98,968 98,968 98,968 98,968 98,968 
Subtotal capital cost ($) 98,968 494,84 J 989,683 1 ,979,365 2,969,048 3,958,730 
Solar pond instrumentation ($) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
Salt ( tons) 8,000 40,000 80,000 J 60,000 240,000 320,000 
Unit salt cost ($/tOD) 40 40 40 40 40 40 
T otaJ salt cost ($) 320,000 1 ,600,000 3.200,000 6,400,000 9,600,000 1 2,800,000 
Solar  Radia t ion (kW hlml.day) 5.582 5.582 5 .582 5.582 5.582 5.582 
Thermal Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total Capita l Cost (S) 460,2 1 8  2, 1 4 1 .09 / 4,242, 1 83 8,444,365 1 2,646,548 1 6,848,730 
I n terest Rate for Capital Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Deprecia tion (yr} 25 25 25 25 25 25 
Annualized Cost (S/yr) 36,00 1 1 67,49 1 33 1 ,852 660,575 989,298 1 ,3 1 8,02 1 
Maintenance (S/yr) 3,600 1 5,074 26,548 46,240 59,358 65,90 / 
Total An nual  Cost (SlyI') 39,601 1 82,565 358.400 706,8 1 5  1 ,048,656 1 ,383,922 
Heat Product ion (GJ/yr) 1 0,269 5 1 ,343 1 02,686 205,373 308,059 4 1 0,746 
Heat Cost ($/GJ) 3.86 3 .56 3.49 3 .44 3.40 3 .37 
] 1 6  
Ta ble A.6 ost p roduction and economic ana lysis of A bu Dhabi sabkha using sol ar rad iat ion 
h 5 93 1 ( k W hf 2 d ) J 40 ($/ ) d M unng 
o la r  Pond 
arc 
o ts 
Land cost (SJHa) 
Land cleanng cost (SJHa) 
Dike height ( m) 
Unit area capitaJ cost ($/lJa) 
ubt tal capital co t ($) 
olar pond instrumentation ($) 
alt (tons) 
nit salt cost ($/ton) 
Total salt cost ($) 
Sola r Radia t ion (kWhlm2.day) 
Thermal Efficiency 
Total Capital Cost ($) 
I nterest Rate for Capital Cost 
Depreciation (yr) 
A n n ualized Cost (S/yr) 
Maintenance (S/yr) 
Total A n nual Cost ($/yr) 
Heat  Production (GJ/yr) 
Heat  Cost ($/GJ) 
m . ay, at sa t cost 
Pond Size (H a) 
] 5 ] 0  
5,000 5,000 5,000 
2,500 2,500 2,500 
4.5 4.5 4.5 
98,968 98,968 98,968 
98,968 494,84 1 989,683 
4 1 ,250 46,250 52,500 
8,000 40,000 80,000 
40 40 40 
320,000 1 ,600,000 3,200,000 
5.93 1 5.93 1 5.93 1 
0. 1 4  0. 1 4  0. 1 4  
460,2 1 8  2, 1 4 1 ,09 1 4,242, 1 83 
0.06 0.06 0.06 
25 25 25 
36 00 1  1 67,49 1 33 1 ,852 
3,600 1 5,074 26,548 
39,60 1 1 82,565 358,400 
1 0,9 1 1 54,553 1 09, 1 07 
3.63 3.35 3.28 
ton and l and cost 5,000 ($lHa) 
20 30 40 
5,000 5,000 5,000 
2,500 2,500 2,500 
4.5 4.5 4 .5 
98,968 98,968 98,968 
1 ,979,365 2,969,048 3,958,730 
65,000 77,500 90,000 
1 60,000 240,000 320,000 
40 40 40 
6,400,000 9,600,000 1 2,800,000 
5.93 1 5 .93 1 5.93 1 
0. 1 4  0. 1 4  0. 1 4  
8,444,365 1 2,646,548 1 6,848,730 
0.06 0.06 0.06 
25 25 25 
660 575 989,298 1 ,3 1 8,02 1 
46,240 59,358 65,901 
706,8 1 5  1 ,048,656 1 ,383,922 
2 1 8,2 1 3  327,320 436,427 
3 .24 3.20 3. 1 7  
Ta ble A.7  Cost prod uction and econom ic analysis o f  A bu Dhabi sabkha using solar rad iation 
during A pri l and May 7 .560 (kWhfm2 .day) at sa l t  cost 40 ($/too) and l and cost 5 ,000 ( $lHa) 
Pond Size (Ha) 
ola r Pond Costs ] 5 1 0  20 30 40 
Land cost ($JHa) 5,000 5,000 5,000 5,000 5,000 5,000 
Land cleartng cost ($lHa) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike beight (m) 4.5 4.5 4.5 4.5 4.5 4.5 
U nit ar ea  capital cost ($lHa) 98,968 98,968 98,968 98,968 98,968 98,968 
ubtotal capi tal cost ($) 98,968 494,84 1 989,683 1 ,979,365 2,969,048 3,958,730 
olar pond instrumentation ($) 4 1 ,2 50 46,250 52,500 65,000 77,500 90,000 
Salt (tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
Unit salt cost ($/ton) 40 40 40 40 40 40 
Total salt cost ($1 320,000 1 ,600,000 3,200,000 6,400,000 9,600,000 1 2,800,000 
Solar Radia t ion (kWhlm2.tlay) 7.560 7.560 7.560 7.560 7.560 7. 560 
Thermal Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Tota l  Capita l Cos. (S) 460,2 1 8  2, 1 4 1 ,09 1 4,242, 1 83 8,444,365 1 2,646,548 1 6,848,730 
I nterest Rate  for Capita l  Cos. 0.06 0.06 0.06 0.06 0.06 0.06 
Depreciation (yr) 25 25 25  25 25 25 
A n n ualized Cost (S/yr) 36,00 1 1 67,49 1  33 1 ,852 660,575 989,298 1 ,3 1 8,02 1 
Ma in tenance (Slyr) 3,600 1 5,074 26,548 46,240 59,358 65,90 1 
Total Annual Cost (Slyr) 39,60 1 1 82,565 358,400 706,8 1 5  1 ,048,656 1 ,383,922 
H eat  Production (GJ/yr) 1 3,907 69,537 1 39,074 278, 1 48 4 1 7,22 ] 556,295 
H eat  Cos. (SIGJ) 2 .85 2.63 2 .58 2.54 2.5 1 2.49 
1 1 7 
Table A.8 Co t production and economic analysis of Abu Dhabi sabkha using sol ar rad iation 
during Ju ly  August and eptember 6.745 (k W hlm2 .day) at sa l t  cost 40 ($/ton) and l and cost 
5 ,000 ($/Ha) 
Pond Size (lIa) 
olar Pond osts 1 5 1 0  20 30 40 
Land cost ($l1 la) 5,000 5,000 5,000 5,000 5,000 5,000 
Land c1eanng cost ($/lIa) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike height (m) 4.5 4 .5 4.5 4 .5 4 .5 4.5 
Unit ar ea  capItal cost ($/1'Ia) 98,968 98,968 98,968 98,968 98,968 98,968 
ubtotal capital co t ($) 98,968 494,84 1 989,683 1 ,979,365 2,969,048 3,958,730 
olar pond instrumentation ($) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
Salt (tons) 8 000 40,000 80,000 1 60,000 240,000 320,000 
nit sail CO t ($/ton) 40 40 40 40 40 40 
rotal sail cost ($) 320,000 1 ,600,000 3,200,000 6,400,000 9,600,000 1 2,800,000 
Solar Radia t ion (kWhlm2.daYl 6.745 6.745 6.745 6.745 6.745 6.745 
Thermal  E fficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Tota l Capital Cost ($) 460,2 1 8  2 , 1 4 1 ,09 1 4,242, 1 83 8,444,365 1 2,646,548 1 6,848,730 
I nterest Ra te for Capital  Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Depreciation (vr) 25 25 25 25 25 25 
Annualized Cost ($/yr) 36,00 1 1 67,49 1 33 1 ,852 660 575 989,298 1 ,3 1 8,02 1 
Maintenance ($lyr) 3,600 1 5,074 26,548 46,240 59,358 65,90 1 
Tota l  A nnual Cost ($/yr) 39,60 1 1 82,565 358,400 706,8 1 5  1 ,048,656 1 ,383,922 
Deat Production (GJ/yr) 1 2,408 62,04 1 1 24,08 1 248, 1 62 372,243 496,324 
Heat  Cost (SIGJ) 3 . 1 9  2.94 2 .89 2.85 2.82 2.79 
Ta ble A.9 Cost product ion and econom ic anal ys is  of Abu Dhabi sabkha us ing solar rad iat ion 
d u ri ng  October 5 .582 ( k W hlrn2 .day) at salt  cost 40 ($/ton) and l and cost 5,000 ($lHa) 
.---
Pond Size (Da) 
olar Pond Costs J 5 1 0  20 30 40 
Land cost ($/1'Ia) 5,000 5,000 5 ,000 5,000 5,000 5,000 
Land clearing cost ($/1'Ia) 2,500 2,500 2,500 2,500 2,500 2 500 
Dike height (m) 4.5 4.5 4.5 4.5 4.5 4.5 
Unit ar ea  capital cost (SlHa) 98,968 98,968 98,968 98,968 98,968 98,968 
ubtotal capital cost ($) 98.968 494,84 1 989,683 1 ,979,365 2,969,048 3,958,730 
Solar pond instrumentatioo ($) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
Salt (tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
nit salt cost ($/too) 40 40 40 40 40 40 
Total salt cost ($) 320,000 1 ,600,000 3,200,000 6,400,000 9,600,000 1 2,800,000 
Solar  Radia t ion (kW hlm2.day) 5.582 5 .582 5 .582 5.582 5 .582 5 .582 
Tberma l Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total Capita l Cost ($) 460,2 1 8  2 , 1 4 1 ,09 1 4,242, 1 83 8,444,365 1 2,646,548 1 6,848,730 
I nterest Rate for..capita l  Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Depreciat ion (yr) 25 25  25 25  25  25  
A nnualized Cost ($/yr) 36,00 1 1 67,49 1 33 1 ,852 660,575 989,298 1 ,3 1 8,02 1 
M a intenance (S/yr) 3 600 1 5,074 26,548 46,240 59,358 65,90 1 
Tota l  Annua l  Cost ($/yr) 39,60 1 1 82,565 358,400 706,8 1 5  1 ,048,656 1 ,383,922 
Heat  Product ion (GJ/yr) 1 0.269 5 1 ,343 1 02,686 205,373 308,059 4 1 0,746 
Heat Cost (SIGJ) 3.86 3.56 3 .49 3.44 3.40 3.37 
1 1 8 
Table A. t O  0 t production and economic analysis of Abu Dhabi sabkha u ing solar rad iation 
during ovember 4.652 (k WhJm2.day) at sal t cost 40 ($/ton) and l and cost 5 000 ($lHa) , 
Pond Size (Ba) 
olar Pond osts ] 5 1 0  20 30 40 
Land cost (SJ] la) 5,000 5,000 5,000 5,000 5,000 5,000 
Land clearing co t (Sf1 la) 2,500 2,500 2 500 2,500 2,500 2,500 
DIke height (m) 4 .5  4 .5 4.5 4.5 4 .5 4 .5 
Unit  ar ea  capital cost ($lHa) 98,968 98,968 98,968 98,968 98,968 98,968 
Subtotal capital cost ($) 98,968 494,84 1 989.683 1 ,979,365 2,969,048 3.958,730 
alar pond in trumentation ( ') 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
Salt ( ton ) 8,000 40,000 80,000 1 60,000 240,000 320,000 
Unit salt cost ($/too) 40 40 40 40 40 40 
Total salt cost ($) 320,000 1 ,600,000 3,200,000 6,400,000 9,600,000 1 2,800,000 
Solar Radiation (kWhlm2.day) 4.652 4.652 4 .652 4 .652 4 .652 4.652 
Thermal Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total Capita l Cost ($) 460,2 1 8  2, 1 4 1 ,09 1 4,242, 1 83 8 444,365 1 2,646,548 1 6,848,730 
In lerest Rale for Capital Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Depreciation (yr) 25 25 25  25 25 25 
Annualized Cost ($/yr) 36,00 1 1 67,491  3 3 1 ,852 660,575 989,298 1 ,3 1 8,02 1 
Maintenance ($/yr) 3,600 1 5,074 26,548 46,240 59,358 65,90 1  
Total Annual Cost ($/yrl 39,60 1 1 82,565 358,400 706,8 1 5  1 ,048,656 1 ,383,922 
Heat Production (GJ/yr) 8,558 42,789 85,578 1 7 1 , 1 56 256,735 342,3 1 3  
Heat COS! ($/GJ) 4.63 4.27 4 . 1 9  4 . 1 3  4 .08 4 .04 
1 1 9 
Second: and cost is changing whi le solar rad jation value and unit salt cost are constant. 
Table A. l l  Heat co t in ($/GJ) vs. pond size in (Ha) using free land cost (0 $/Ha) at UAE 
average solar rad iat ion 6.058 (kWhlm2 .day) and salt cost 40 ($/ton) 
Pond Size (Da) 
olar Pond Costs 1 5 1 0  20 30 40 
Land CO t (M la) 0 0 0 0 0 0 
Land clearing cost (M-la) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike height (m) 4.5 4 .5 4.5 4 .5  4 .5  4 .5 
Unit area caPital cost ($lHa) 93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  93.6 1 8  93,6 1 8  
ubtotru capital cost ($) 93,6 18  468,09 1 936, 1 83 1 ,872,365 2,808,548 3,744,730 
'olar pond in trumentation ($) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
alt (tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
Unit salt cost ( Iton) 40 40 40 40 40 40 
Total sail cost ($) 320,000 1 ,600,000 3,200,000 6,400,000 9,600,000 1 2,800,000 
Solar Radiat ion (kW hlm2.day) 6.058 6.058 6.058 6.058 6.058 6.058 
Thermal Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Totll l  Capital Cost ($) 454,868 2 , 1 1 4,34 1 4, 1 88,683 8,337.365 1 2,486,048 1 6,634,730 
I nterest Rate for Capital Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Depreciation (yr) 25  25 25 25 25 25 
A n n ualized Cost ($/yr) 35,583 1 65,398 32'7,667 652,205 976,743 1 ,30 1 ,280 
Maintenance ($/yr) 3,558 1 4,886 26 2 1 3  45,654 58,605 65,064 
Total Annual Cost ($/yr) 39, 1 4 1  1 80,284 353,880 697,859 1 ,035,347 1 ,366,344 
H eat  ProductionJGJ/yr) 1 1 . 1 44 55,72 1 1 1 1 ,443 222,886 334,329 445,772 
Heat Cost ($/GJ) 3.5 1 3.24 3. 1 8  3. 1 3  3. 1 0  3.07 
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Table A. 1 2  Heat cost i n  ($/GJ)  vs. pond s ize i n  (Ha) us ing land cost 0[ 2,500 ($lHa) at UAE 
I d '  f 6 05 8  (kW h/ 2 d ) d I 40 ($/ ) average so ar ra Ja  Ion m . ay an sa t cost ton 
r-
Pond Size (Ha) 
olar Pond Co ts I 5 ] 0  20 30 40 
Land cost (S/Ha) 2,500 2,500 2,500 2,500 2,500 2,500 
Land clearing cost (S/ Ha) 2,500 2,500 . 2,500 2,500 2,500 2,500 
Dike beight ( m) 4.5 4.5 4 .5 4.5 4.5 4.5 
nit area capital cost ($f} [a) 96,293 96,293 96,293 96,293 96,293 96,293 
ublotal capital cost ($) 96,293 48 1 ,466 962,933 [ ,925,865 2,888,798 3,85 1 ,730 
o[ar pond i nstrwuentalion (S) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
a1t (tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
Unit salt cost (S/ton) 40 40 40 40 40 40 
Total salt cost ($) 320,000 1 ,600,000 3,200,000 6,400,000 9,600,000 1 2,800,000 
Solar Radiation (kW hfml.day) 6.058 6.058 6.058 6.058 6.058 6.058 
Thermal Efficiency 0. 1 4  0. [ 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total Capital Cost ($) 457,543 2, [ 27,7 [ 6  4,2 1 5,433 8,390,865 1 2,566,298 1 6,74 1 ,730 
I nterest Rate for Capital Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Depreciation  (yr) 25 25 25 25 25 25 
Annualized Cost ($Jyr) 35,792 1 66,444 329,759 656,390 983,020 1 ,309,65 1 
Ma intenance ($/yr) 3,579 ] 4,980 26 3 8 1  45,947 58,98 1 65,483 
Total Annual Cost ($/yr) 39,37 1  1 8 1 424 356, 1 40 702,337 1 ,042,00 1 1 ,375, 1 33 
H eat Product ion (GJ/yr) 1 1 , [ 44 55,72 1 I I 1 ,443 222,886 334,329 445,772 
Heat Cost ($/GJ) 3.53 3.26 3.20 3. 1 5  3 . 1 2  3.08 
1 2 1  
Third: Uni t  a l t  cost is  changing  wh i le sol ar rad iat ion value and l and cost are constant .  
Ta ble A. 1 3  Heat cost i n  ($/GJ) vs. pond s ize i n  (Ha) us ing free un it sal t  cost at U A E  average 
olar radiat ion 6.058 (kWhlm2 .day) and l and  cost 5 ,000 ($lHa) 
Pond Size (}la) 
olar Pond o ts J 5 1 0  20 30 40 
Land cost ($/l la) 5,000 5,000 5,000 5,000 5,000 5,000 
Land cI aring cost (S/Ha) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike heIght (m) 4 .5 4.5 4.5 4.5 4 .5 4.5 
Unit area capital cost (S/Ha) 98,968 98,968 98,968 98,968 98,968 98,968 
ubtotal capital cost ($) 98,968 494,84 1 989,683 1 ,979,365 2,969,048 3,958,730 
olar pond instrumentation (S) 4 1 ,250 46,250 52,500 65,000 77,50  90,000 
alt (Ions) 8,000 40,000 80,000 1 60,000 240,000 320,000 
nit salt cost ( Iton) 0 0 0 0 0 0 
Total salt cost (S) 0 0 0 0 0 0 
Solar Radiat ion (kWhlm2,day) 6.058 6.058 6.058 6.058 6.058 6.058 
Thermal Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total Capital Cost ($) 1 40,2 1 8  54 1 ,09 1  1 ,042, 1 83 2,044,365 3,046,548 4,048,730 
I nterrst Ra te for Capital  Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Deprecia tion (yr) 25  25  25 25 25 25 
A n n ualized Cost ($lyr) 1 0,969 42,328 8 1 ,527 1 59,924 238,32 1 3 1 6,7 1 9  
Maintenance ($/yr) 1 ,097 3,8 1 0  6,522 1 1 , 1 95 1 4,299 1 5,836 
Total  A nnual  Cost ($/yr) 1 2,066 46, 1 37 88,049 1 7 1 , 1 1 9  252,62 1 332,555 
Heat Production (GJ/yr) 1 1 , 1 44 55,7 2 1  1 1 1 ,443 222,886 334,329 445,772 
Heat Cost ($/GJ) 1 .08 0.83 0.79 0.77 0.76 0.75 
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Ta ble A. J 4  Heat cost in  ($/GJ) vs. pond s ize in  (Ha) us ing un i t  sa l t  cost 20 ($/ton) at A E  
J d '  t "  6 05 8  ( k W h/ 2 d ) d i d 5 000 ($fH ) average so aT ra la  Ion m . ay, an an cost , a 
r--
Pood Size (1 la) 
olar Pond Costs 1 5 1 0  20 30 40 
Land cost ($/Ha) 5,000 5,000 5,000 5,000 5,000 5,000 
Land clearing cost ($11 la) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike height (m) 4.5 4.5 4.5 4 .5 4.5 4.5 
nit area capital cost ($IHa) 98,968 98,968 98,968 98,968 98,968 98,968 
ubtotal capital cost ($) 98,968 494,84 1 989,683 1 ,979,365 2,969,048 3,958,730 
olar pond instrumentation ($) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
alt ( tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
Unit salt cost ($/ton) 20 20 20 20 20 20 
Total salt cost ($) 1 60,000 800,000 1 ,600,000 3,200,000 4,800,000 6,400,000 
Solar Radia t ion (kW hlm2.day) 6.058 6.058 6.058 6.058 6.058 6.058 
Thermal Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total Capita l Cost ($) 300,2 1 8  1 ,34 1 ,09 1 2,642, 1 83 5,244,365 7,846,548 1 0,448,730 
J nterest Rate for Capita l Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Dep recia tion (yrl 25 25  25  25  25 25 
A nnual ized Cost ($/yr) 23,485 1 04,909 206,689 4 1 0,249 6 1 3,8 1 0  8 1 7,370 
Maintrnance ($lyr) 2,349 9,442 1 6,535 28,7 1 7  36,829 40,868 
Total Annua l  Cost ($/yr) 25,834 1 1 4,35 1 223,224 438,967 650,638 858,238 
Heat Production (GJ/yr) 1 1 , ) 44 55,72 1 1 1 1 ,443 222,886 334,329 445,772 
Heal  Cost ($/GJ) 2.32 2.05 2.00 1 .97 1 .95 1 .93 
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ceoa rio # 2 :  Two Va ria bles 
First: Solar rad iat ion and l and cost are changing and un i t  sa l t  cost i s  constant .  
Ta ble A. 1 S  M aximum solar radiation (7 .908 kWhlm2 .day) wi th free land cost (0 $/Ha) at un i t  
a l t  co t 40 ($lton) 
Pond Size ( I Ia) 
olar Pond Costs ] 5 1 0  20 30 40 
L and cost (S/Ha) 0 0 0 0 0 0 
Land clearing cost (SlHa) 2.500 2,500 2,500 2,500 2,500 2,500 
Dike height (m) 4.5 4 .5 4 .5 4 .5 4.5 4 .5 
Unit  ar ea  capital cost ($/Ha) 93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  
ubtotal capital cost ($) 93,6 1 8  468,09 1 936, 1 83 1 ,872,365 2,808,548 3,744,730 
Solar pond instrumentation ($) _4 1 ,250 46,250 52,500 65,000 77,500 90,000 
Salt (tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
nit salt co t ($/ton) 40 40 40 40 40 40 
Total salt cost ($) 320,000 1 ,600,000 3,200,000 6,400,000 9,600,000 1 2,800,000 
Solar  Radiation (kWhlm2.day) 7.908 7.908 7.908 7.908 7.908 7.908 
Thermal Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total  Capita l Cost ($) 454,868 2, 1 1 4,34 1 4 , 1 88,683 8,337,365 1 2,486,048 1 6,634,730 
J n terest Rate for Capital Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Depreciation (yr) 25 25 25 25 25 25 
A n nualized Cost ($!yr) 35,583 1 65,398 327,667 652,205 976,743 1 ,30 1 ,280 
Maintenance (S/yr) 3,558 14 ,886 26,2 1 3 45,654 58,605 65,064 
Total A nn ua l  Cost_l$/yrl 39, 1 4 ]  1 80,284 353,880 697,859 1 ,035,347 1 ,366,344 
H eat Production (GJ/yr) 1 4,548 72,738 1 45,476 290,95 1 436,427 58 1 ,902 
Heat Cost ($/GJ) 2.69 2.48 2.43 2.40 2.37 2.35 
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Ta ble 3. 1 6  M i n imum alar rad iation (3 .780 kWhlm2 .day) with free land cost (0 $/Ha) at un i t  
a l t  cost 40 ($/ton) 
Pond Size (Ua) 
ola r Pond o ts I 5 ] 0  20 30 40 
Land cost ($n Ia) ° ° ° ° ° ° 
Land clearing co t (SfHa) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike height (m) 4.5 4.5 4.5 4.5 4.5 4.5 
Unit area capital CO t (SfHa) 93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  
ubtotal capital cost ($) 93,6 1 8  468,09 1 936, 1 83 1 ,872,365 2,808,548 3,744,730 
olar pond in trumentation (S) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
a1t (tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
nit salt cost ( Iton) 40 40 40 40 40 40 
Total salt cost (S) 320,000 1 ,600,000 3,200,000 6,400,000 9,600,000 1 2,800,000 
Solar Radiat ion (kW hlm2.day) 3.780 3.780 3.780 3.780 3.780 3.780 
Thermal Efficiency 0. 1 4  0. 1 4  0. 1 4  0. ] 4  0. 1 4  0. 1 4  
Total Capital Cost ($) 454,868 2, 1 1 4,34 1 4 , 1 88,683 8,337,365 1 2,486,048 1 6,634,730 
I nter-cst Rate for Capital Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Deprecia tion (yr) 25 25 25 25 25 25 
A n n ualized Cost ($lyr) 35,583 1 65,398 327,667 652,205 976,743 1 ,30 1 ,280 
Maintenance ($lyr) 3,558 1 4,886 26,2 1 3 45,654 58,605 65,064 
Total Annua l  Cost ($/yr) 39, 1 4 1  1 80,284 353,880 697,859 1 ,035,347 1 ,366,344 
H ea t  Production (GJ/yr) 6,954 34,768 69,537 1 39,074 208,6 1 1  278, 148 
l I eat  Cost ($IGJ) 5.63 5 . 1 9  5 .09 5.02 4.96 4.9 1 
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Second: alar rad iat ion and un i t  sa lt  cost are changi ng and land cost i s  constant. 
Table 3. 1 7  Max imum solar rad iation (7 .908 k W hlm2 .day) with free un it sal t  (0 $/ton )  at land 
cost 5 ,000 ($/Ha) 
Pond Size (Oa) 
olar Pond o ts 1 5 ] 0  20 30 40 
1 and CO I (Sn la) 5,000 5,000 5,000 5,000 5,000 5,000 
J .and clearing cost (S/ Ha) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike heighl (m) 4.5 4 .5 4 .5  4.5 4.5 4.5 
nit area capilal cost ( n la) 98,968 98,968 98,968 98,968 98,968 98,968 
ubtotal capital cost ( ) 98,968 494,84 1 989,683 1 ,979,365 2,969,048 3,958,730 
olar pond in trumentation ($) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
a1t (ton ) 8,000 40,000 80,000 1 60,000 240,000 320,000 
Unit salt co t ($/lon) 0 0 0 0 0 0 
Total salt COSI ($) 0 0 0 0 0 0 
Solar Radia t ion (kWhJm2.day) 7.908 7.908 7.908 7.908 7.908 7.908 
Thermal Efficiency 0. 1 4  0. ) 4  0. ) 4  0. 1 4  0. 1 4  0. 1 4  
Total Capital Cost ($) 1 40,2 1 8 54 1 ,09 1  1 042, 1 83 2,044,365 3,046,548 4,048,730 
I nterest Rate for Capital  Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Depreciat ion (yr) 25 2 5  25 25 25 25 
A nnual ized Cost ($/yr) 1 0,969 42,328 8 1 ,527 1 59,924 238,32 1 3 1 6,7 1 9  
M aintenance ($/yr) 1 097 3 ,8 1 0  6,522 1 1 , 1 95 1 4,299 1 5,836 
Total A nnual Cost ($/yr) 1 2,066 46, 1 37 88,049 1 7 1 , 1 1 9  252,62 1 332,555 
l I eat Production (GJ/yr) 1 4,548 72,738 1 4 5,476 290,95 1 436,427 5 8 1 ,902 
H eat Cost ($/GJ) 0.83 0.63 0.6 1 0.59 0.58 0.57 
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Table 3. 1 8  Min imum solar rad iation (3 .780 kWhlm2.day) with free un i t  sal t  (0 $/ton) at land 
cost 5,000 ($/Ha) 
Pond Size (Ha) 
olar Pond Co ts ] 5 ] 0  20 30 40 
Land cost (SlI la) 5,000 5,000 5,000 5,000 5,000 5,000 
Land clearing cost (SIJ la) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike height (m) 4.5 4.5 4.5 4 .5 4.5 4.5 
Unit area capital cost (SIJ la) 98,968 98,968 98,968 98,968 98,968 98,968 
ubtotaJ capital cost ($) 98,968 494,84 1 989,683 1 ,979,365 2,969,048 3,958,730 
Solar pond instrumentation ($) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
alt (tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
njt salt cost ($lton) 0 0 0 0 0 0 
Total salt cost ($) 0 0 0 0 0 0 
Solar Radiation (kWhlm2.day) 3.780 3 .780 3.780 3.780 3.780 3.780 
Thermal .Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total Capita l  Cost ($) 1 40,2 1 8  54 1 ,09 1 1 ,042, 1 83 2,044,365 3,046,548 4,048,730 
J nterest Rate for Capita l  Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Deprrciation (yr) 25 25 25 25 25 25 
A n n ualized Cost ($Iy .. ) 1 0,969 42,328 8 1 ,527 1 59,924 238,32 1 3 1 6,7 ] 9  
Maintenance ($/yr) 1 ,097 3,8 1 0  6,522 1 1 , 1 95 1 4,299 1 5,836 
Total A nnual  Cost ($/yr) 1 2,066 46, 1 37 88,049 1 7 1 , 1 1 9  252,62 1 332,555 
D eal  Production (GJ/yr) 6,954 34,768 69,537 1 39,074 208,6 1 1 278, 148 
l I eat Cost (SIGJ) 1 .74 1 .33 1 .27 1 .23 1 .2 1  1 .20 
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Third: Land and uni t  salt costs are changing and solar rad iat ion val ue i s  constant.  
Ta ble A. 1 9  Free land co t (0  $/Ha) with free uni t  sa l t  (0 $/ton)  at average solar rad iation 
(6.058 kWhlm2.day) 
Pond Size (Ua) 
olar Pond Co IS 1 5 1 0  20 30 40 
Land cost ($lIla) 0 0 0 0 0 0 
Land c1eanng cost ($lIla) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike height (m) 4.5 4.5 4.5 4 .5 4.5 4 .5 
Unit  ar ea  capital cost ($II -1a) 93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  
ubtotal capital CO t ($) 93,6 1 8  468,09 1 936, 1 83 1 ,872,365 2,808,548 3,744,730 
olar pond i nstrumentation ($) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
alt (ton ) 8,000 40,000 80,000 1 60,000 240,000 320,000 
Unit salt cost ( $/ton) 0 0 0 0 0 0 
Total salt cost ($) 0 0 0 0 0 0 
Solar Radiation (kW hlm2.day) 6.058 6.058 6.058 6.058 6.058 6 058 
Therma l Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total Capita l Cost ($) 1 34,868 5 1 4,34 1 988,683 1 ,937,365 2,886,048 3,834,730 
I nterest Rate for Capital Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Deprecia tion (yr) 25 25 25  25  25 25 
Annualized Cost ($/y .. ) 1 0,550 40,235 77,34 1 1 5 1 ,554 225,766 299,978 
Maintenance ($/y .. ) 1 ,055 3,62 1 6, 1 87 1 0,609 1 3,546 1 4,999 
Tota l Annua l  Cost (S/yr) 1 1 ,605 43,856 83,529 1 62, 1 62 239,3 1 2  3 1 4,977 
I l eat Production (GJ/y .. ) 1 1 , 1 44 55,72 1 1 1 1 ,443 222,886 334,329 445,772 
Heal Cost (S/GJ) 1 .04 0.79 0.75 0.73 0.72 0.7 1 
1 28 
Ta bJe A.20 M in imum sol ar rad iation (3 .780 k W hJm2.day) with free land cost (0 $/Ha) and 
free un i t  alt (0 $/ton) 
Pond Size: ( U a) 
olar Pond osts J 5 J O  2 0  30 40 
Land cost (sn la) 0 0 0 0 0 0 
Land c1eanng cost (M-Ja) 2,500 2,500 2,500 2,500 2,500 2,500 
Dike height (m) 4.5 4 .5 4.5 4.5 4 .5 4.5 
Unit ar ea capital cost (M fa) 93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  93,6 1 8  
Subtotal capital cost ($) 93,6 1 8  468,09 1 936, 1 83 1 ,872,365 2,808,548 3,744,730 
olar pond in trumentation ($) 4 1 ,250 46,250 52,500 65,000 77,500 90,000 
alt (tons) 8,000 40,000 80,000 1 60,000 240,000 320,000 
nit salt cost ($/lon) 0 0 0 0 0 0 
TOlal salt cost ($) 0 0 0 0 0 0 
Solar  Radia t ion (kW hlm2.day) 3.780 3.780 3.780 3.780 3.780 3.780 
Thermal Efficiency 0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  0. 1 4  
Total Capital Cost ($) 1 34,868 5 1 4,34 1 988,683 1 ,937,365 2,886,048 3,834,730 
I nterest Rate for Capital Cost 0.06 0.06 0.06 0.06 0.06 0.06 
Deprecia tion (yr) 25 25 25 25 25 25 
Annual ized Cost (Slyr) 1 0,550 40,235 77,34 1 ] 5 1 ,554 225,766 299,978 
Maintenance (Slyr) 1 ,055 3,62 1 6, 1 87 1 0,609 1 3,546 1 4,999 
Total A n nual Cost (S/yr) 1 1 ,605 43,856 83,529 1 62, 1 62 239,3 1 2  3 1 4,977 
neat Production (GJ/yr) 6,954 34,768 69,537 1 39,074 208,6 1 I 278, 1 48 
U eat Cost ($/GJ) 1 .67 1 .26 1 .20 1 . 1 7  I .  I 5 1 . 1 3  
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APPEN DIX (B) 
X-RAY D I FFRACTION ANA LYSIS 
For more deta i l s  of fol lowing F igures, see Table 5 . 5 '  summary of the X-ray d i ffract ion  resu l ts 
for the urface sed iment samples. 
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Figure B. l X-ray profi les o f  the surface sample (S2) o f  the stud ied area 
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F i g u re B.2 X-ray profi les of  the surface sample ( S3)  o f  the studied area 
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Fig u re B.3 X -ray profi les o f  the surface sample ( S4) o f  the studied area 
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Figu re BA X-ray profi les o f  the surface sample ( SS)  of  the studied area 
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Figu re B.6 X-ray profi les of the surface sample ( S7) o f  the studied area 
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Figure B.7 X-ray profi les of  the surface sample (S8)  of  the stud ied area 
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Figure B.8 X-ray profi les o f  the surface sample ( S9) of the studied area 
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F igu re R I O  X-ray profi les of the surface sample ( S l l )  of the stud ied area 
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F igu re R l l X -ray profi les of the surface sample (S I 2) of the studied area 
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Figu re B. 1 2  X-ray profi les of the surface sample ( S ] 3) of the stud ied area 
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F igu re B. 1 3  X-ray pro fi les of the surface sample ( S  1 4) of the studied area 
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F i g u re B. 1 4  X-ray profi les of the surface sample (S  1 5) of the studied area 
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F i g u re B. 1 S  X-ray profi les of the surface sample  (S ] 6) of the studied area 
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F i g u re B. 1 6  X-ray profi les of the surface sample ( S  1 7) of the stud ied area 
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F i g u re B. 1 7  X-ray profi les of the surface sample ( S  1 8) o f  the studied area 
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Figure B. I 8  X-ray profi les of the surface sample ( S  1 9) o f  the stud ied area 
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Fig u re C. l Petrograph ic  anal yses of surface samp les with magn i ficat ion 25X 
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Figu re C.2 Petrograph ic analyses of bottom samp les with magn i fi cat ion 2 5 X  
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